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Railway industries are placing greater emphasis on implementing fast and heavy haul 
corridors for bulk freight and commuter transport to deliver more efficient and cost-
effective services. In the period of 2012-2013, Australian railways carried over one 
billion tonnes of freight and moved more than 850 million passengers. Australia’s 
$7.5 billion rail freight industry helps economies transport their goods to market and 
local communities to thrive. The industry is expected to grow by a further 90% 
between 2010 and 2030, which means it is imperative that rail networks be enhanced 
to meet the increasing demand for transport from a growing, ageing and urbanising 
population. Improving railroad stability to operate high-speed passenger and heavy 
haul freight services has become one of the key challenges not only in Australia, but 
also in Europe, America, and Asia.  
The deterioration of a rail track due to large dynamic wheel loads is inevitable over 
the years and one that leads to more frequent high-cost maintenance. The degradation 
of ballast contributes to a large percentage of maintenance costs, apart from affecting 
the longevity and stability of a track. This problem is more critical in isolated rail 
track locations where the ballast is in direct contact with much stiffer interfaces such 
as bridges and tunnels and in locations where heavier concrete sleepers are used. One 
measure used to minimise track deterioration in these isolated places is the use of 
artificial inclusions such as rubber elements at the hard interfaces. In recent years, the 
use of soft synthetic rubber elements in track foundations to alleviate track damage 
has become increasingly popular. Currently, there is a lack of comprehensive 




response of ballast under cyclic loading. When rubber elements are added it further 
complicates the behaviour of composite track.  
In this study, cyclic loads from fast and heavy haul trains were simulated using a 
novel Process Simulation Prismoidal Triaxial Apparatus (PSPTA) to investigate the 
performance of ballast improved by rubber elements placed at the hard interfaces. 
Two series of cyclic load tests were carried out: (i) with and without a rubber 
element placed at the bottom of a concrete sleeper (generally called Under Sleeper 
Pads – USPs); and (ii) with and without a rubber element placed on top of a concrete 
base (called Under Ballast Mats – UBMs). The cyclic loads were applied to simulate 
axle loads of 25 and 35 tonnes at frequencies ranging from 10 to 25 Hz (approximate 
train speed of 70 to 180 km/h). The laboratory results indicate that the energy 
absorbing (damping) characteristics of USPs and UBMs reduce the amount of 
deformation and degradation of ballast when used at hard substructure interfaces. 
The study shows that rubber elements distribute the stresses from moving trains more 
uniformly, by increasing the effective contact area of the ballast with concrete 
interfaces (sleeper or base), this then reduces the dynamic amplification of applied 
vertical stress and leads to much less ballast deformation and degradation.  
The empirical model developed to predict the resilient modulus of ballast (MR), 
ballast breakage index (BBI), dynamic amplification factor (DAF) and energy 
dissipation (ED) for cyclic loading test carried out with and without UBM agrees 
well with the laboratory results. The results from a three-dimensional finite element 
model simulating cyclic load with and without USP under an axle load of 25 and 35 
tonnes at a frequency of 15 Hz can reasonably predict ballast deformation and 




also showed that the dynamic amplification of stress is more pronounced not only 
with the axle load and train speed but also with the change of substructure stiffness. 
The two different substructure layers used beneath the ballast layer (subballast and 
concrete base) revealed that the plastic deformation of ballast decreases as the 
stiffness of the substructure increases (subballast to concrete base), whereas ballast 
degradation increases with increasing stiffness. A three-dimensional model using the 
finite element code ABAQUS to predict the behaviour of ballast and the influence of 
USP on stress-strain responses of ballast and other substructure elements generally 
agree with the experimental findings.  
The key outcomes of this study have made a significant impact on railway track 
technologies, and they can be summarised as: 
1. This study proves that by using synthetic elastic elements (USPs and UBMs), the 
deformation and the degradation can be significantly curtailed and the durability 
of the track can be enhanced. 
2. A substantial reduction in ballast breakage and extended track longevity would 
embrace blatant ‘green’ implications (i.e. less quarrying and environmental 
degradation) while accruing substantial annual savings to the rail asset owners. 
The UBMs used in this study were manufactured locally from recycled shredded 
tyre. In terms of national benefits, manufacturing these mats from recycled 
rubber tyres would reduce their volume at spoil tips and contribute to more 
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1.1 General Background 
The rail networks in many countries play a prominent role in the conveyance of bulk 
freight and commuter transport. The rapid growth in population, urbanisation, as well 
as increasing congestion in highway transport and a growing demand for energy 
(e.g., fuel), is forcing rail industries to implement heavier and faster railway corridors 
to achieve efficient and cost-effective services. The task of carrying Australian 
domestic freight has been increasing strongly for over 50 years and has doubled in 
size over the past 20 years, with road and rail now dominating the domestic freight 
activities (BITRE 2015). The Australian Bureau of Infrastructure, Transport and 
Regional Economics (BITRE) forecast to the year 2030 (Fig. 1.1), suggests that road 
and rail freight volumes are projected to more than double, with domestic demand 
for manufactured goods underpinning much of road freight’s future growth, while 
the growth in rail freight is supported by the expected expansion in mineral exports 
(BITRE 2008). Fig. 1.1 also shows that after 2002, freight activity in Australia has 
been overtaken by the rail rather than road and coastal shipping. This rapid growth in 
rail freight task has been driven by heavy haul of iron ore in the Pilbara region 
(BITRE 2015). Therefore, conventional ballasted rail tracks must be improved to 
cope with the increasing transportation demand for minerals and agricultural goods 






Figure 1.1: Australian domestic freight activity by mode – Freight growth from 1960 
to 2007 and Projection to 2030 (data from BITRE 2008) 
Ballast is one of the key elements in railroad foundations because it provides stability 
for the substructure by distributing the loads exerted by moving trains while retaining 
the benefits of flexible granular foundations. It also provides better drainage and 
deters the growth of vegetation that might hinder track operation. However, 
increasing dynamic stresses from the passage of trains progressively degrades and 
fouls the ballast layer which inevitably leads to excessive track settlement and 
instability, damage to the track elements, and more frequent track maintenance (Selig 
and Waters 1994; Indraratna et al. 2011; Sol-Sanchez et al. 2015). As an example, 
track maintenance is estimated to cost approximately 14-15 million dollars per 
annum in the State of New South Wales alone and that’s just for ballast related 
maintenance (Hussaini et al. 2012). In the USA, the annual cost of maintenance for 
ballast tamping and surface alignment was reported to be about $3,800 per kilometre 
(Chrismer and Davis 2000) and much higher now. Therefore, minimising ballast 




but also to curtail maintenance costs and increase the subsequent in-service life of the 
railway system.       
In recent years, the use of resilient materials in rail tracks to reduce noise and 
vibration, ballast deformation, and track degradation have become increasingly 
popular (Zhai et al. 2004; Martins et al. 2009; Marschnig and Veit 2011; Alves Costa 
et al. 2012; Nimbalkar et al. 2012; Indraratna et al. 2014a; Sol-Sanchez et al. 2015). 
There are three major types of resilient elements used in rail tracks: (i) rail pads - 
installed at the rail-sleeper (tie) interface, (ii) sleeper pads - embedded beneath the 
sleeper at the sleeper-ballast interface, and (iii) ballast mats - placed underneath the 
ballast layer or at the ballast/concrete interface in the case of a bridge deck. The 
improved level of damping afforded by these resilient materials helps to dissipate 
more energy (Finegan and Gibson 1999), particularly in tracks where their placement 
eliminates the hard interface between components and allows the interfaces to bed 
into each other, thus  increasing the contact area, reducing stress concentrations, and 
minimising damage to track components (Indraratna et al. 2014a; Abadi et al. 2015; 
Sol-Sanchez et al. 2015).  
Tracks are subjected to faster deterioration in sections where a reduced ballast 
thickness is used, in locations where heavier concrete sleepers are used, and track on 
stiff subgrades (e.g. track on bridges) in conjunction with increased axle loads (e.g. 
iron ore networks in Australian mining hubs). From a structural viewpoint, the 
damping capacity of the track at these locations is inadequate. In this respect, using 
resilient pads underneath the concrete sleepers (i.e. Under Sleeper Pads - USPs) and 
resilient mats on top of a stiff subgrade (i.e. Under Ballast Mats - UBMs) are popular 




also a better alternative to reduce the thickness of the ballast and/or subballast layers, 
which makes reducing the amount of quarrying raw materials (aggregates) and 
eliminating the difficulties of compacting thicker substructure layers (Lakuši et al. 
2010). Apart from reducing track stiffness, USPs increase the contact area between 
sleeper and ballast which leads to a reduction in stress transmitted from the sleepers 
to the substructure layer (Sol-Sanchez et al. 2014; Abadi et al. 2015). This ultimately 
helps to distribute the wheel load to more adjacent sleepers, as schematically 
represented in Figs. 1.2 a&b. These sleeper pads also even out the differences in 
stiffness along transition zones and turnouts (Loy 2009).  
 
Figure 1.2:  Axle Load Distribution: (a) Without resilient elements; (b) With resilient 
elements (USPs and UBMs) 
Bridges, tunnels, elevated stations, as well as track crossings at cuts, switches and 
grade separation, are the critical locations of relatively high track modulus (Le et al. 
1999; Zhai and Cai 2002; Alves Costa et al. 2012; Sol-Sanchez et al. 2015). Ballast 
breakage can intensify if the underlying layer is too stiff. Maintenance and repairs 
are obviously more frequent in these localised areas, and that leads to speed 
restrictions, stoppages, and delays (Li and Davis 2005). Stiff supports reduce the 
resiliency of track and cause the wheel loads to transfer to a lower number of 




the ballast that ultimately leads to excessive deformation and degradation (Read and 
Li 2006). This issue becomes even more critical for shared lines where tracks carry 
faster passenger trains and heavy haul trains.  While rail pads and USPs are more 
suitable to increase the elasticity of track, UBMs are more efficient in reducing the 
excessive rate of ballast deterioration in the case of stiffer substructures (e.g. bridges 
and tunnels). In terms of performance, UBMs installed in stiffer foundations are 
much more effective than mats installed in a track built over soft soil subgrade 
(Lombaert et al. 2006; Müller 2008).  
1.2 Statement of the Problem 
The implementation of faster passenger trains and heavy haul freight networks 
causes large undue stresses on the track substructure, while repeated cyclic wheel 
loads cause excessive ballast bed settlement and particle degradation which 
ultimately leads to more frequent maintenance. In view of this, the adoption of 
improved track substructure techniques is imperative for the sustainable development 
of modern track infrastructure. Artificial inclusions such as resilient rubber elements 
used in track substructure is an established practice. In terms of national benefits, 
manufacturing these rubber elements from recycling rubber waste such as used tyres 
would reduce their volume at spoil tips and contribute to more effective land use, 
especially in the urban suburbs of major cities where land prices have skyrocketed.            
For many years, research work on the resilient elements in tracks has been mostly 
limited to studies on reducing vibration and structure-borne noise (Wettschureck 
1997; Hemsworth 2000; Hanson and Singleton Jr 2006; Alves Costa et al. 2012). 




this respect, rubber has an excellent energy absorbing capacity (Foose et al. 1996; 
Tsang 2008). The role of rubber USPs and UBMs in curtailing dynamic stresses and 
vibrations (Ferreira and López-Pita 2013) and in reducing ballast strain and particle 
breakage (Nimbalkar et al. 2012) is still under scrutiny. Although limited studies 
indicate that resilient elements can improve track performance to some extent by 
attenuating stresses, vibration and settlement (Kerr and Bathurst 2000; Hanson and 
Singleton Jr 2006; Anastasopoulos et al. 2009; Indraratna et al. 2014c), they are often 
inadequate to prevent ballast degradation at high frequency repeated cyclic loading 
(Indraratna et al. 2015a). Only limited studies have been carried out to investigate the 
effectiveness of USPs and UBMs to reduce the unfavourable stress-strain response 
and degradation aspects of ballast (Johansson et al. 2008; Nimbalkar et al. 2012; 
Alves Ribeiro et al. 2014; Indraratna et al. 2014a; Sol-Sanchez et al. 2015). 
Therefore, this study aims to evaluate the behaviour of ballast stabilised with USPs 
on concrete sleepers and UBM placed on stiff concrete base under repeated cyclic 
loading. 
1.3 Objectives and Scope of this Research  
The primary objective of this research is to study the behaviour of ballast under 
repeated cyclic loading and to verify how well Under Sleeper Pads (USP) and Under 
Ballast Mats (UBM) attenuate the adverse effects of cyclic stress-strain behaviour 
and corresponding ballast degradation. Laboratory simulation of a prototype track 
substructure using a novel Process Simulation Prismoidal Triaxial Apparatus 
(PSPTA) to investigate the behaviour of ballast with and without resilient elements 




varying axle loads and their frequency (representing train speed). Numerical 
simulations using the commercially available finite element program ABAQUS 
(2012) in three dimensions are carried out to model the behaviour of ballast. The 
large-scale laboratory findings are used to calibrate and validate the numerical model. 
The findings of this study will assist railway engineers to more effectively design and 
construct new tracks or upgrade existing tracks adopting resilient elements. 
In essence, the specific objectives of this research are as follows:   
1. Simulating an integrated open track substructure consisting of rail, sleeper, 
ballast and subballast layers to investigate the performance of ballast with and 
without USPs beneath a concrete sleeper. 
2. Simulating a track over a concrete bridge deck, and integrated with rail, 
sleeper, ballast, and concrete base layers to investigate the performance of 
ballast with and without UBMs. 
3. Using the Surface Profiler Film (SPF) techniques to analyse the variations of 
sleeper-ballast and ballast-base interface contact area and the influence of 
resilient elements at these hard interfaces. 
4. By making a direct comparison of deformation, degradation and stress 
distribution of the ballast layer, and developing novel empirical relations 
based on extensive laboratory findings in order to help practising engineers 
predict the resilient modulus of ballast, the amplification of stress under 
dynamic conditions, as well as ballast breakage and energy dissipation.   
5. A three-dimensional model simulation using the finite element code 




resilient element under cyclic loading. Validate the model by using 
experimental results from the current study.     
1.4 Thesis Outline 
This thesis is divided into 8 chapters, including this Chapter 1: Introduction, while 
the subsequent chapters are organised as follows: 
Chapter 2 provides a comprehensive review of the current state of research into the 
behaviour of ballast and the performance improvement using artificially included 
elastic components used in rail tracks within the context of recent research and 
development.  It commences with a brief description of track substructure 
components, followed by a discussion of various stresses and load transfer 
mechanisms, including the resultant elastic and plastic strain and degradation 
behaviour of ballast and the influential factors. The effects of USPs and UBMs on 
ballasted tracks are comprehensively reviewed with respect to currently available 
literature and some case histories. The application and resultant benefits of USPs and 
UBMs in rail track substructure are critically reviewed and discussed. 
Chapter 3 describes the large-scale process simulation prismoidal triaxial apparatus 
(PSPTA), including the relevant details of the test materials, sample preparation, 
cyclic load testing procedures, instrumentation and data acquisition. Details of how 
surface profiler film is used to evaluate the contact areas are also discussed. A 
laboratory evaluation of the static and dynamic stiffness of the locally manufactured 




Chapter 4 presents the results of laboratory tests to evaluate the performance of 
ballast stabilised by under sleeper pads (USPs). The results of the stress-strain and 
degradation of ballast with and without USP are compared and discussed. The 
influence of load frequency and axle loads on the stress, strain and degradation 
aspects are quantified and discussed.  
Chapter 5 presents the results of laboratory tests to evaluate the performance of 
ballast stabilised with under ballast mats (UBMs). The stress-strain response and 
degradation behaviour of ballast with and without UBM are compared, and the 
influence of axle loads and cyclic loading frequencies is elucidated. Various 
empirical models developed to predict ballast behaviour are also presented.      
Chapter 6 offers a comparative evaluation of the effects of substructure stiffness 
(subballast versus concrete base) on the stress-strain and degradation aspects of 
ballast. A discussion of how well the rubber elements increase the interface contact 
area at the hard interface (concrete sleeper and concrete base) is provided.  
Chapter 7 presents a numerical simulation of ballast subjected to cyclic loading with 
and without rubber element. ABAQUS (3D) dynamic analysis is used to model the 
ballast behaviour, and the resulting stress-strain response is discussed.    
Chapter 8 summarises the major findings of this doctoral study and provides 
recommendations for future work in this related area, whilst also recognising the 
limitations of the current thesis work.  
A list of the references used in this thesis is included at the end of the thesis followed 







Rail transport is a mode of transport in high demand in many countries, including 
Australia, for the conveyance of passengers and goods. Unlike road transport, rail 
can carry more bulk commodities, which reduce the cost of consumer goods, do not 
suffer from traffic congestion, is much less polluting, and there are minimum 
accidents and loss of life and damage to property in day to day services. Moreover, 
as high-speed trains develop in many countries, rail transport is one of the best ways 
to reduce transport time and save money. Therefore, many rail research institutions 
around the world contribute substantially towards improving rail track for fast and 
heavy haul trains. A list of the notable contribution made by research institutes and 
industries is provided in “Table 1: Rail geotechnics in a nutshell – key themes” of the 
1st Proctor Lecture of ISSMGE by Indraratna (2016). Since the rail track system 
plays a vital role in today’s transport needs, the longevity of rail track substructure 
must be increased to cope with elevated load and speed on the rail track. The 
majority of the rail track failures and subsequent repair and maintenance costs are 
mostly related to the substructure layers, whose behaviour significantly influences 
the stability of the track (Selig and Waters 1994; Esveld 2001; Indraratna et al. 2011; 
Li et al. 2015). Thus, innovative techniques to improve the substructure, such as 
stabilising the substructure layers with geosynthetics (geogrids, geocells, geotextiles, 




resiliency and reduce any damage to the substructure and cost of track operation and 
maintenance.     
2.2 Ballasted Rail Track Substructure 
A ballasted railway track structure is shown in Fig. 2.1 (left: track on concrete bridge 
deck; and right: open track); it is also known as a conventional track which consists 
of layered flat framework made up of rails, sleepers and fasteners supported on 
ballast, subballast and subgrade (open track substructure), or ballast and concrete 
bridge deck (track on bridge substructure).  
 
Figure 2.1: Conventional ballasted railway track structure (left: track on concrete 




Sleepers are essentially beams made of wood or concrete that span across and tie the 
two rails together, whilst distributing the wheel loads beneath the substructure layers 
to an acceptable level of pressure.  The sleepers also restrain rail movement (lateral, 
longitudinal and vertical) by anchoring the superstructure to the ballast bed. Ballast is 
placed under and around the sleepers, and is the major load bearing element of the 
substructure. It bears the wheel load transferred from the sleepers and distributes 
evenly through the underlying layers (subballast and subgrade or concrete bridge 
deck), contributing to the track stability. It also facilitates the drainage of water and 
partly helps to absorb the shock imparted from dynamic wheel loading.  
Unlike any other geotechnical structures where strength is the factor controlling the 
failure of materials, the performance of ballast is mainly controlled in terms of 
limiting deformation contributed by various degrees of particle rearrangement,  wear, 
fracture and the crushing of ballast aggregates (Li et al. 2015). Of all the substructure 
layers, ballast contributes more than half of the total permanent settlements (Selig 
and Waters 1994). Therefore, special attention should be made when selecting ballast 
material for a track bed. Furthermore, the ballast should satisfy certain specifications 
related to particle shape, size, angularity, gradation, strength, density, surface 
roughness, durability, etc. In that reason, many countries have their own 
specifications and standards for ballast aggregates. In Australia, the general 
requirements of railroad ballast aggregates are specified in the Australian Standard 
AS 2758.7 (2015). Railroad ballast aggregates generally have high angularity, high 
durability, and are placed as uniformly graded on the track bed. In New South Wales 
(NSW), the Rail Infrastructure Cooperation (RIC) also introduced a technical 
specification TS 3402 (2001) for ballast used in NSW tracks. Table 2.1 shows the 




comparison of the other ballast properties specified in Australia in AS 2758.7 (2015) 
and those of other countries such as the UK (Lim 2004), the USA (Gaskin and 
Raymond 1976), and Canada (Raymond 1985) is shown in Table 2.2. 
Table 2.1: Ballast particle size and gradation specified in AS 2758.7 (2015) and TS 
3402 (2001) 
Grain Size (mm) Percentage Passing by Mass  (Nominal Size: 60 mm) 
63 100 
53 85 - 100 
37.5 20 - 65 
26.5 0 - 20 
19 0 - 5 
13.2 0 - 2 
9.5 - 
 
Table 2.2: Comparison of Ballast Specifications in Australia, UK, USA, and Canada 
Ballast Properties Australia UK USA Canada 
Aggregate Crushing Value < 25% < 22% - - 
Los Angeles Abrasion < 25% < 20% < 40% < 20% 
Flakiness Index < 30% < 35% - - 
Misshapen Particles < 30% - - < 25% 
Sodium Sulphate Soundness - - < 10% < 5% 
Magnesium Sulphate Soundness - - - < 10% 
Soft and Friable Pieces - - < 5% < 5% 
Fines (< No. 200 sieve) - - < 1% < 1% 
Clay Lumps - - < 0.5% < 0.5% 
Bulk Density (kg/m3)  > 1200 - > 1200 - 





Subballast is a transition layer between the upper layer (ballast) and the lower layer 
(subgrade or formation) which helps to reduce the stress from the ballast layer to a 
tolerable level in the subgrade layer. It also prevents inter-penetration between the 
ballast and subgrade, thereby reducing the migration of fine materials (mud 
pumping) into the ballast which critically affects track drainage. The bottom layer is 
the subgrade found on levelled off earth or rock to receive a foundation for the track 
bed. Sometimes an extra layer (a formation layer) is placed onto the earth to correct 
the profile of the track bed. In the case of a track laid on bridges, the ballast is placed 
directly on top of a bridge deck (concrete or steel deck) and the dynamic wheel load 
from trains is transferred via the bridge deck supported by piers and foundations 
(piled or shallow foundation) onto the ground.  
2.3 Load Transfer Mechanism 
Rail tracks are subjected to static, cyclic, and dynamic (short or longer duration) 
loads and the purpose of the track is to transmit wheel loads to the ground via a 
discrete layered system consisting of rails, sleepers, ballast, subballast and subgrade. 
A better understanding of the load transfer mechanism from the wheel-rail interface 
to the track foundation and the resulting track deformation and the effect of ballast 
breakage is important in order to have safe and economically designed rail tracks 
(Indraratna and Nimbalkar 2011). The load transfer mechanism is subject to the 
static, cyclic, and dynamic nature of wheel loads, while the strength, stiffness, and 
damping properties of track superstructure and substructure elements determine how 
the wheel loads are spread over a larger area and at greater depths of a layered track 
foundation (Li et al. 2015). The wheel load (Pd) is transferred to the rails at the 




at the rail-sleeper interface (rail seat load  qr) and subsequently transmitted to the 
substructure layers (ballast at the sleeper-ballast interface, subballast at the ballast-
subballast interface and to subgrade at the subballast-subgrade interface), as shown 
schematically in Fig. 2.2 (modified after Selig and Waters 1994; Indraratna et al. 
2011). It works on the principle of stress reduction along a layered system as the 
interface area increases significantly along the depth of the track, as shown in Fig. 
2.3 (after Esveld 2001).         
 
Figure 2.2: Typical wheel load transfer mechanism to track structure (modified after 





Figure 2.3: Principle of stress reduction along track layers (after Esveld 2001) 
The rail seat load, qr (rail-sleeper contact stress) and sleeper-ballast contact pressure, 
Pa are depend on various factors such as the rail profile, stiffness of the rail and rail 
pad, the type of sleeper (timber, concrete and steel), sleeper spacing, the ballast to 
sleeper contact area (degree of voids), the degree of ballast degradation, the train 
speed, axle load, number of completed wheel passes, and history of track 
maintenance (Sadeghi and Youldashkhan 2005; Zakeri and Sadeghi 2007; Mundrey 
2009). The maximum qr at the rail seat directly under the wheel can be from 31% to 
as high as 65% of Pd. A comparison of the maximum qr at the sleeper directly under 
the wheel, by many different methods including experimental and finite element 







Table 2.3: Comparison of maximum rail seat load (at the sleeper directly under the 
wheel) 
Method Maximum  Rail Seat Load,  qr 
Three adjacent sleepers (Bartlett 1960; Awoleye 1993) qr =  0.50 Pd 
Three adjacent sleepers (Hunt 2005) qr = 0.40 - 0.50 Pd 
Three adjacent sleepers, GRAFT experimental program  
(Kennedy 2011)  qr = 0.40 Pd 
Five adjacent sleepers, Watanabe FE analysis (Profillidis 2014) qr = 0.40 Pd 
Kwan ‘beam on elastic foundation analysis’ (Li et al. 2007) qr = 0.34 Pd 
ORE Method (Pre-stressed Concrete Sleepers), Europe (ORE 
1968) qr = 0.65 Pd 
ARS Method (Wooden Sleeper), Australia  (O'Rourke 1978) qr = 0.43 Pd 
AREA Method  (Concrete Sleeper), USA (AREA 1980, 1981) qr = 0.60 Pd 
Analysis from GEOTRACK for Wooden Sleepers (Li et al. 2015) qr = 0.42 Pd 
Analysis from GEOTRACK for Concrete Sleepers (Li et al. 2015) qr = 0.31 Pd 
 
2.3.1 Maximum Sleeper-Ballast Interface Stress 
The maximum vertical stress at the ballast surface is generated from the sleeper when 
the wheel is directly on top of the sleeper-ballast interface. A review of the literature 
by Sadeghi and Youldashkhan (2005) indicates there is a lack of comprehensive 
experimental or field investigation to determine the sleeper-ballast contact pressure. 
The initial sleeper-ballast contact stress depends on the number of ballast particles 
directly in contact with the sleeper. Due to the structure of the ballast layer changes 
by particle rearrangements, ballast deformation, and breakage, the degree of voids 




been in service the sleeper-ballast contact pressure tends towards a uniform 
distribution of pressure (Sadeghi and Youldashkhan 2005). This uniform ballast 
pressure, Pa depends on the rail seat load, qr and the effective length, Le and the 
width, B of the sleeper. Based on that, a simplified expression for sleeper-ballast 








                                                  (2.1) 
where F is a factor depending on the type of sleeper (timber, concrete, or steel) and 
track maintenance. It has been suggested that the effective sleeper support area 
beneath the rail seat (effective stress distribution length of the sleeper, Le) be used to 
calculate sleeper-ballast contact stress (Table 2.4).  





Method by Effective Length of sleeper support at the rail rest 
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where l is the total length of the sleeper. The maximum sleeper-ballast contact stress 
varies between 180-500 kPa depending on the axle loads, train speed, type and 
spacing of the sleepers, and the acceleration and deceleration of the train, among 
others. The maximum sleeper-ballast contact stress estimated by Atalar et al. (2001) 
for a train running at 385 km/h is about 479 kPa. The contact stress estimated from 
laboratory tests carried out at the University of Wollongong for varying loads and 
loading frequencies gives values between 350-400 kPa (Indraratna et al. 2011). The 
field measurement by Indraratna et al. (2010a) at the Bulli track and Indraratna et al. 
(2014c) at the Singleton track, New South Wales, shows a train with an axle load of 
20 to 30 t running at 40 to 60 km/h generates a sleeper-ballast contact stress in the 
range of 180-300 kPa. The variation of contact stresses measured for a coal train with 
the 25 t axle load running at 40 km/hr at the Bulli track, New South Wales, Australia 
is shown in Fig. 2.4, where the maximum stress ranges up to 230 kPa. A clear 
increase in dynamic stresses with the train speed is observed in the ballast and 
subballast layers from measurements taken from the Hannover-Wurzburg project in 
Germany as shown in Fig. 2.5 (Kempfert and Hu 1999). These field measurements 
clearly show that the sleeper-ballast contact stress and resultant stresses in the 
substructure layers highly depend on the axle load and the speed of the train. The 
maximum permissible sleeper-ballast contact stress can be taken in the vicinity of 





Figure 2.4: Variation of Sleeper-Ballast contact stress (after Indraratna et al. 2010a) 
 
Figure 2.5: Maximum stress measured with the train speed at the Hannover-
Wurzburg project in Germany (after Kempfert and Hu 1999). 
2.3.2 Dynamic Amplification Factor 
The load at the wheel-rail interface produced by a moving train is greater than that of 
the same train in a stationary state (Esveld 2001; Kerr 2003). Consequently, the 
dynamic stresses induced at the sleeper-ballast interface and stresses in the 




defined by the Dynamic Amplification Factor (DAF) which is the ratio of cyclic or 
dynamic stress, cycσ  to the static stress, ,v staσ  (Selig and Waters 1994; Esveld 2001). 
Several factors contribute to the variation of DAF including the speed, acceleration 
and deceleration of the train, the wheel diameter, the track modulus, stiffness of the 
substructure layers, and the maintenance conditions of the track, among others (Van 
Dyk et al. 2016). Many researchers have proposed empirical expressions for DAF 
based on train speed (V), wheel diameter (D) and other vehicle and track parameters. 
Some of the proposed expressions for DAF are summarised in Table 2.5.   
South African Railways (Doyle 1980), Talbot (Hay 1982), Esveld (2001), Li and 
Selig (1998b) and Nimbalkar and Indraratna (2016) incorporated wheel diameter (D) 
and train speed (V) into the empirical expression, while the Indian Railways 
(Srinivasan 1969) included train speed and track condition to the DAF by 
incorporating the track modulus to the expression. The Clarke (Doyle 1980) formula 
is the algebraic combination of Indian Railways and Talbot’s factors. British 
Railways DAF Formula (Doyle 1980) was developed by incorporating track stiffness 
at the joints, vehicle’s unsprung mass and the train speed. The factor developed by 
the International Union of Railways, Office of Research and Experiments (ORE) 
incorporates many factors including vehicle speed, vehicle suspension, track 
geometry, the age of track, vehicle centre of gravity, curve radius, cant deficiency 
and super-elevation (Birmann 1965). The variations of DAF with the train speed (V) 






Table 2.5: Summary of the expression for Dynamic Amplification Factors (DAF)  









+ −  
V – Train Speed in mph 
D – Wheel Dia. in inch 
U – Track Modulus in psi 
δ and t – Empirical parameters 
depend on track condition  
α – Coefficient dependent on 
speed, the level of the track, 
and vehicle suspension.  
α – Coefficient dependent on 
wheel load shift in the curve 
β – Coefficient dependent on 
wheel load shift in curves 
γ - Coefficient dependent on 
speed, the possibility of 
hanging sleepers, track age, 
vehicle design, locomotive 
maintenance condition. 
α' – Total rail joint tip angle 
Dj – Track stiffness at the 
joints in kN/mm 
Pu – Unsprung weight at one 
wheel in kN 
g – Gravitational acceleration 
in m/s2  
ORE 
(Birmann 1965) 
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V – Train Speed in km/h 
D – Wheel Diameter in m 
z – Subgrade depth in m 
α and β – Empirical 
parameters depend on axle 
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Figure 2.6: Variation of Dynamic Amplification Factor (DAF) with Train Speed (V) 
(after Van Dyk et al. 2016) 
 
Figure 2.7: Variation of Dynamic Amplification Factor (DAF) with Train Speed (V) 




2.3.3 Lateral and Longitudinal Forces 
In addition to vertical static and dynamic loads, a moving train exerts lateral and 
longitudinal forces. The force acting in the direction of the train passage is called the 
longitudinal force which is mainly generated by the locomotive traction force needed 
for the train to accelerate, decelerate, break, and overcome wind resistance. Thermal 
expansion and contraction of rails due to changes in temperature and the surface 
wave (Rayleigh wave) forces developed by the moving train also contribute to the 
longitudinal forces (Selig and Waters 1994). Lateral forces act in a direction parallel 
to sleepers. The two main sources of lateral forces are: (i) the lateral wheel force 
exerted on the rail by the wheel flange and the friction force at the wheel-rail 
interface caused as the train reacts to geometric deviations, a self-excited weaving 
motion caused by an unstable bogie at high speed, and the lateral centrifugal forces 
on curves; (ii) the rail buckling reaction force from high longitudinal compressive 
force in the rails due to changes in temperature and lack of confinement by the 
substructure layers. The rails and sleepers play an important role in transferring the 
vertical, lateral, and longitudinal forces to the ballast, subballast, and subgrade 
layers.              
2.4 Behaviour of Ballast under Repeated Cyclic Loading    
The ballast bed forming the track substructure is subjected to repeated cyclic loading. 
The deformation (vertical, differential, lateral and longitudinal settlements) and 
degradation (particle breakage) behaviour of ballast aggregates are profoundly 
dependent on cyclic loading characteristics such as the load amplitude, frequency, 




The effects of these variables on ballast behaviour are discussed in the following 
sections. 
2.4.1 Resilient and permanent deformation 
Under repeated cyclic loading, granular materials such as ballast aggregates undergo 
resilient (recoverable) and permanent (plastic or irrecoverable) deformation, as 
shown in Fig. 2.8. In each loading cycle, the granular layers behave essentially 
elastic and permanent deformation accumulates with successive loading cycles. The 
elastic stiffness of the granular materials or soils is characterised by the property 
called resilient modulus and the track performance and stress-strain and degradation 
behaviour of the track depend largely on the resilient modulus of ballast and 
underlying substructure layers (Li et al. 2015). The deformation of ballast results 
from three mechanisms: distortion (individual particle rolling and sliding), 
densification (compression or dilation) and degradation (particle attrition and 
breakage).  
 
Figure 2.8: Resilient and permanent deformation of granular material under repeated 




The magnitude of permanent deformation is related to the deviator stress levels 
(Sharp 1983). At low-stress levels, after the post-compaction stabilisation, the 
material reaches a state of equilibrium where there is no further permanent 
deformation (deformation is purely elastic with the number of load cycles), but when 
the stress levels increase beyond a certain limit, permanent deformation increases 
rapidly and becomes unstable, and then the material eventually fails or collapses. The 
critical stress level between a stable and unstable state is called the “shakedown 
limits” according to the “shakedown” concepts (Sharp 1983). This shakedown 
concept is used to describe the four different categories of material behaviour under 
repeated cyclic loading, as shown in Fig. 2.9; it can be explained as follows:     
(1) Purely elastic: In this zone, the repeated cyclic stress level is very small and is 
well under the material yield condition; this means that any deformation due 
to successive loading cycles completely recovers.  
 
(2) Elastic shakedown: This zone is where the level of applied cyclic stress is 
slightly less than the level needed to produce plastic deformation. The 
material response is plastic for initial loading cycles and then it ultimately 
reaches elastic shakedown. The stress limit where it reaches this condition is 
called the elastic shakedown limit.   
 
(3) Plastic shakedown: In this zone, the cyclic stress level is slightly less than 
that required to produce an incremental failure or collapse. A long term 
steady state is achieved with no plastic deformation and each response is 
hysteretic. Once the response becomes purely elastic, the material has 
undergone shakedown and the maximum stress level here is called the plastic 
shakedown limit.   
 
(4) Ratcheting: In this zone, the cyclic stress reaches a relatively high level and 
all or part of the material reaches its yield condition. Plastic deformation 




These shakedown stress limits are more appropriate to compute the load carrying 
capacity of materials under repeated cyclic loading rather than the stress limits 
associated with monotonic loading failure (Werkmeister et al. 2001).  
 
Figure 2.9: Elastic and plastic deformation behaviour under repeated cyclic loading 
(after Werkmeister et al. 2001) 
2.4.1.1 Vertical and Differential plastic settlement 
The total vertical plastic settlement is the accumulated plastic deformation under 
repeated cyclic loading, as shown in Fig. 2.10. It is one of the major criteria 
considered in track design to prevent excessive track settlement. The cost and effort 
needed for track maintenance are controlled by the plastic settlement which arises 
from the substructure layers. As Fig. 2.10 shows, the ballast layer contributes more 
than 50% of the total settlement while the remainder is from subballast and subgrade 
layers (Selig and Waters 1994; Suiker 1997; Indraratna et al. 2001).  In most cases, 




variations in layer stiffness. This differential settlement associated with non-uniform 
track settlement leads to track roughness, poor ride quality, and damage to the track 
structure.  
 
Figure 2.10: Contribution from ballast, subballast and subgrade to total settlement 
(after Selig and Waters 1994) 
The rate of ballast settlement usually controls the need for geometry correcting 
maintenance (Li et al. 2015). To maintain acceptable track geometry, ballast tamping 
is required, as illustrated in Fig. 2.11. The frequency of tamping is expected to 
increase when the ballast reaches the end of its life, and this obviously leads to 
higher maintenance costs. Therefore, understanding the accumulated plastic 
deformation and associated differential settlements under repeated traffic loading is 
essential for the proper design of track foundations, effective track surfacing, and a 





Figure 2.11: Settlement with and without ballast tamping 
2.4.1.2 Lateral spreading 
Ballast is usually confined by crib and shoulder ballast, although friction at the base 
and sides of the sleeper and layer interfaces also contributes to lateral resistance. This 
relatively low confinement means that ballast spreads laterally under heavy repeated 
cyclic loads, and this has a significant influence on track stability. Continuing lateral 
spreading causes vertical settlement to increase which then increases the frequency 
of tamping. Different techniques have been suggested by researchers to increase the 
lateral confinement of substructure layers, such as using geogrids and geotextiles 
(Göbel et al. 1994; Raymond 2002; Indraratna et al. 2006; Brown et al. 2007; 
Indraratna and Nimbalkar 2013; Arulrajah et al. 2014), use of geocells (Bathurst and 
Rajagopal 1993; Latha and Rajagopal 2007; Leshchinsky and Ling 2013a; Indraratna 
et al. 2015a), intermittent lateral restraints (Indraratna et al. 2004) and winged sleeper 
design (Lackenby et al. 2007). Since the longitudinal resistance (perpendicular to 
sleepers) of a track is relatively high, the resultant longitudinal deformation is 




2.4.2 Ballast Degradation 
Ballast particles are highly angular, they have a rough surface texture and are 
somewhat cubical in shape, all of which plays a significant role on ballast 
performance since the particles interlock better, provide enhanced frictional 
resistance and contribute to the strength and limiting deformation of the ballast bed. 
However, ballast particle degradation is one of the major problems which influence 
track settlement, drives the cost of maintaining track geometry and impacts the 
service life of tracks. Abrasion and particle crushing often lead to ballast 
degradation, which is mainly due to high repeated cyclic and impact loading and also 
from tamping operation during maintenance work (Marsal 1967; Indraratna et al. 
2011; Afshar et al. 2017).  
The highly angular and sharp cornered nature of quarried ballast, and the presence of 
micro-fissures from blasting aggravates breakage during triaxial shearing (Marsal 
1967; Hagerty et al. 1993; Lade et al. 1996; Indraratna et al. 2015b). A fresh ballast 
bed consists almost entirely of a skeletal grain, as shown in Figure 2.12a. During 
the passage of a train, wheel loads impart dynamic stresses to the corners and 
sharp edges of fresh ballast. The sleepers are raised slightly over the ballast just 
before the wheel reaches them, but they are hammered as soon as the wheel rolls 
over them (Tzanakakis 2013); this causes the ballast to crumble (grinding, corner 
breaking and splitting) such that the particles are continuously being degraded 





Figure 2.12: (a) Fresh ballast (highly angular, sharp corners and rough surface); and 
(b) degraded ballast (rounded and smooth surface) 
Ballast fouling from particle degradation is the major source of fouling mentioned by 
Selig and Waters (1994), who reported that 76% of the sites experienced fouling 
related to ballast degradation compared to second largest source of fouling (from 
13% of sites) which was from the upward migration of fine particles (mud pumping) 
from lower substructure layers. As the finer materials from ballast degradation 
accumulate and fill the voids of ballast, it tends to inhibit its performance by 
reducing the drainage and retaining water within the ballast layers. The excessive 
fines within the ballast aggregates also reduce the internal frictional resistance (i.e., 
strength) and further increase the degradation (Han and Selig 1997), while the shear 
strength of the ballast layer suffers continuously from the loss of angularity and 
interlocking of ballast grains (loss of angle of internal friction of the layer). In 
particular, the ballast in the top zone, directly below the sleepers, experiences the 
highest undue stresses from traffic loading leading to more rapid ballast deterioration 




2.4.2.1 Methods for quantifying ballast degradation    
The significance of particle breakage on the mechanical behaviour of granular 
particles has been recognised in numerous studies (Marsal 1967; Vesic and Clough 
1968; Hardin 1985; Ueng and Chen 2000; Indraratna et al. 2011). As a consequence, 
various methods to quantify particle breakage have been proposed, e.g., single 
particle size method [(D15)i/(D15)f] by Lee and Farhoomand (1967), breakage 
parameter Bg by Marsal (1967), the relative breakage Br by Hardin (1985), ballast 
breakage index BBI by Indraratna et al. (2005), and the breakage internal variable Bi 
by Einav (2007) among others.  
These particle breakage indices have been proposed based on either change in 
the percentage of aggregates passing a single sieve size or changes to the 
complete particle size distribution (Indraratna et al. 2005). Lee and Farhoomand 
(1967) measured the particle breakage of earth dam filter materials based on a single 
particle size corresponding to 15% passing (D15), which is a key parameter for filter 
design. The ratio of initial, (D15)i and final, (D15)f values of particle size for 15% 
passing was expressed as the breakage index in this method. Marsal (1967) proposed 
an index Bg and quantified particle breakage during large-scale triaxial tests on 
rock fill materials. In this method, the breakage index Bg is expressed as the sum 
of the positive values of ΔWk, where ΔWk = Wki - Wkf and Wki and Wkf represent 
the percentage of particles retained in sieve size k before and after the test, 





Figure 2.13: Particle Breakage Index, Bg proposed by Marsal (1967) 
Miura and O-Hara (1979) used the increase in surface area of decomposed 
granite soil to measure the amount of particle crushing. This method requires an 
assumption of particle shape, which is very difficult for highly angular and non-
uniform shaped ballast particles. Hardin (1985) introduced a relative breakage 
index (Br) which is defined as the ratio of breakage potential (Bp) and total 
breakage (Bt), using the change in the grain size distribution curve. Lade et al. 
(1996) compared the methods of particle breakage index by Lee and Farhoomand 
(1967), Marsal (1967) and Hardin (1985) which are based on particle size 





Figure 2.14: Comparison of Particle Breakage indices (after Lade et al. 1996)   
Recently, Indraratna et al. (2005) introduced a method to quantify the degradation of 
railway ballast material by using an index called the ballast breakage index (BBI). 
This method is simple to use, and it is based on particle size distribution (PSD) 
before and after testing with respect to an arbitrary boundary of maximum breakage, 




=                                                        (2.3)                          
where A is the area of a shift in the PSD curve after testing, and B is the area of 
potential breakage shown in Fig. 2.15. The BBI calculated in this method has a lower 
limit of 0 (no breakage) and an upper limit of 1 (maximum breakage based on an 





Figure 2.15: Ballast Breakage Index, BBI proposed by Indraratna et al. (2005) 
2.4.3 Effect of cyclic load frequency on ballast behaviour 
The train speed (V) is directly proportional to the cyclic loading frequency (f), i.e., 
V=fλ, where λ is the characteristic length between axles. The effect of cyclic load 
frequency (f) on the accumulated permanent deformation of granular materials is 
insignificant for lower frequency ranges, i.e. f<10 Hz (Youd 1972; Shenton 1975; 
Wichtmann et al. 2007; Karg and Haegeman 2009). However, when the loading 
frequency is increased (increased train speed), the induced dynamic stresses and 
resultant plastic settlement and degradation of granular material is significantly 
affected (Luo et al. 1996; Kempfert and Hu 1999; Indraratna et al. 2011; Banimahd 
et al. 2013; Sun et al. 2014; Nimbalkar and Indraratna 2016). The in-situ 
measurements by Kempfert and Hu (1999) shown in Fig. 2.5 and Nimbalkar and 




vertical transient movement of sleepers increase with the increasing train speed V. 
Laboratory triaxial tests by Sun et al. (2014; 2016) confirm that the volumetric strain 
(εv) and ballast breakage (BBI) and dynamic deviator stress (qd) increase as the 
loading frequency f increases, as shown in Fig. 2.17 and Fig. 2.18.  
 
Figure 2.16: In-situ measurements: (a) dynamic stress; and (b) transient movement of 





Figure 2.17: Laboratory study showing the variation of ballast breakage and 
volumetric strain with loading frequency (adopted from Sun et al. 2014) 
 
Figure 2.18: Laboratory study showing the variation of induced dynamic stress with 




Sun et al. (2014) reported three different deformation mechanisms with the change of 
loading frequency: Range I at 20f ≤ Hz ( 145V ≤ km/h) called plastic shakedown; 
Range II at 30 50f≤ ≤ Hz ( 220 360V≤ ≤ km/h) called plastic shakedown and 
ratcheting; and Range III at 60f ≥ Hz ( 400V ≥ km/h) called plastic collapse. Based 
on these results, the Authors reported that a critical train speed between 145 and 220 
km/h exists and when train speed increases beyond this range it leads to failure in the 
form of ratcheting or plastic collapse. A similar deformation mechanism with a 
slightly different range of train speeds has been reported by Luo et al. (1996) from 
finite element analysis, as shown in Fig. 2.19.  
 
Figure 2.19: Response of deformation (maximum value) with train speed (adopted 
from Luo et al. 1996) 
The three distinct regimes of ballast deformation with varying train speed based on 
Luo et al. (1996) are: (i) a low-speed region ( 180V ≤ km/h) with an insignificant 
change in deformation; (ii) an intermediate region (180 300V≤ ≤ km/h) with rapidly 
increasing deformation; and (iii) a high-speed region ( 300V ≥ km/h) with attenuated 




speed, V) has a significant influence on ballast behaviour. Therefore, to limit the 
excessive stress, strain, and degradation of ballast, track improvement techniques 
such as geosynthetic inclusions are imperative when the speed of trains is to be 
increased.           
2.4.4 Effect of load magnitude and confining stress on ballast behaviour 
Most rail tracks are shared corridors operating with relatively low axle load 
passenger trains and heavy axle load freight services, which means the load on the 
same track varies depending on the time of different passenger and freight services. 
In this view, the effect of cyclic load magnitude (σ1,cyc) and the confining stress (σ3) 
on the stress-strain and degradation of ballast has been studied by many researchers 
(Raymond and Williams 1978; Ionescu et al. 1998; Suiker and de Borst 2003; 
Indraratna et al. 2005; Lackenby et al. 2007; Sun et al. 2016). In-situ measurements 
of dynamic stresses and the vertical transient movement of sleepers by Nimbalkar 
and Indraratna (2016) for 25 and 30 t axle load trains shown in Fig. 2.16a & b, and 
laboratory test results of dynamic stresses by  Sun et al. (2016) for σ1,max,cyc of 230 
and 370 kPa (i.e., 25 and 40 t axle loads) shown in Fig. 2.18, clearly indicate that the 
loading magnitude has a significant influence on ballast behaviour. The cyclic 
densification model developed by Suiker and de Borst (2003) and Lackenby et al. 
(2007) can well predict the influence of amplitude of the cyclic load on ballast strain, 
as shown in Fig. 2.20a & b, respectively. Track improvement techniques are essential 
to dissipate the excessive energy imparted from heavy axle trains and reduce the 





Figure 2.20: Effect of loading magnitude on ballast strain: after (a) Suiker and de 
Borst (2003); (b) Lackenby et al. (2007)  
2.4.5 Effect of stiffness of the substructure layer on ballast behaviour 
Rail track is a resilient load distribution system, an extremely high or low track 
stiffness adversely affects track performance (Read and Li 2006). Hence, track 
stiffness is considered as one of the important parameters in track design which 
influences the dynamic interaction between vehicle and track, the load carrying 
capacity of the track, the quality of track geometry and the life of the vehicle and 
track structure components (Li and Berggren 2010). The track bed (ballast and 
subballast) and subgrade (or concrete deck for a track on the bridge) stiffness should 
give adequate flexibility for better track geometry quality and life of the track 
components. Track stiffness is mainly determined by the thickness of the track bed 
(ballast + subballast) and subgrade as these layers contribute more than 60% of the 
overall elasticity of the track, as illustrated in Fig. 2.21 for tracks with wooden and 
concrete sleepers (Hunt 2005; Lichtberger 2005). This figure clearly indicates that 
concrete sleepers (and also stiff subgrade such as concrete bridge decks and tunnels) 
significantly reduce the overall track elasticity. As reported by López Pita et al. 




are very high and this leads to rapid track deterioration and higher annual 
maintenance cost, as shown in Fig. 2.22.  
 
Figure 2.21: Elasticity of track contributed by each track component (after 
Lichtberger 2005) 
 
Figure 2.22: Evolution of annual maintenance cost with track stiffness (data sourced 




A field study by Nimbalkar and Indraratna (2016) at Singleton, New South Wales, 
Australia clearly shows the effects of stiffness variation on the stress-strain and 
degradation behaviour of the track bed. Instrumented tracks with three types of 
substructure layer stiffness (i.e., tracks on soft alluvial deposits, hard rock 
formations, and concrete bridge decks) were studied and the results showed that the 
dynamic stress at the sleeper-ballast interface (Fig. 2.16a) and ballast breakage (Fig. 
2.23) increased as the tracks became stiffer, while ballast settlement (Fig. 2.24) 
decreased on stiffer tracks.  Note that under ballast mats (UBMs) used on top of the 
concrete bridge deck influenced the stress-strain and degradation of the track.  
 







Figure 2.24: Vertical settlement of Ballast for three different track substructures 
(adopted from Nimbalkar and Indraratna 2016) 
A similar result was obtained by Li and Berggren (2010) using a dynamic vehicle-
track interaction simulation model for soft, normal, and stiff tracks. To optimise the 
stiffness of concrete sleepers and bridges, mitigating techniques such as rubber mats 
can be placed under the sleepers and on top of stiff subgrade (e.g., concrete bridges) 
to reduce the overall track stiffness, increase the interface contacts, increase the 
damping characteristics, and reduce the impact and dynamic stresses between the 
ballast and hard concrete surfaces.          
2.4.6 Resilient modulus of ballast 
The deformation of granular materials under repeated cyclic loading is divided into 
resilient part (recoverable) and plastic part (permanent) that does not recover. The 
resilient behaviour of granular materials under cyclic loading is characterised by the 










=                                                        (2.4)   
where cycσ ′  is the cyclic deviatoric stress and 1
eε is the elastic (recoverable) strain, as 
shown in Fig. 2.25. Under the same cycσ ′ , MR gradually increases with the number of 
load cycles and then becomes approximately constant after a certain number of 
repeated load cycles as 1
eε  becomes almost constant and the material starts to behave 
in a purely elastic manner with relatively low or no plastic strain.  
 
Figure 2.25: Resilient modulus (MR) defined by cyclic loading and resultant elastic 
and plastic strain 
MR is affected by the level of vertical stress, the confining stress, the frequency of 
cyclic load, the number of load cycles, material density, gradation, type of aggregate, 
and particle shape among others (Lekarp et al. 2000). In rail tracks, the MR of track 
bed and underlying subgrade has been shown to affect the track settlement and 
ballast degradation (Raymond and Bathurst 1987). It has long been recognised that 
MR is affected mainly by the degree of applied stress and confinement (Hicks and 
Monismith 1971; Uzan 1985; Lekarp et al. 2000; Indraratna et al. 2009). Therefore, 




the resilient behaviour of different types of soil. Table 2.6 summarises some of the 
MR models found in the literature that has been proposed by various researchers.  
Table 2.6: Summary of MR Models 
Model by MR Model Parameters 
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k1, k2  and k3 - model 
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patm – atmospheric 
pressure 
Sun et al. (2016) n tRM mf θ= +  
f- loading frequency 
m, n, and t - empirical 
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It is obvious that correctly predicting MR using these models relies mainly on their 
respective model parameters. Laboratory investigations by Sun et al. (2016) revealed 
that the breakage of railway ballast and the subsequent compaction of the aggregates 
leads to an associated increase in MR. An empirical model developed by Sun et al. 




with θ and f due to the cyclic densification of granular ballast materials, as shown in 
Fig. 2.26a & b. 
 
Figure 2.26: Resilient modulus (MR) at the end of 500,000 load cycles as a function 
of (a) Loading frequency (f); and (b) Bulk stress (θ) (after Sun et al. 2016) 
2.5 Track Stabilisation with artificial Inclusions  
Ballasted tracks are widely used in many countries because they are relatively quick 
to lay, readily maintained, cost effective and provide adequate bearing capacity. 
However, routine maintenance by regularly cleaning or replacing the ballast bed to 
restore the line and level of a track is always required, which is why ballasted track 
substructure has a major influence on the cost of track maintenance. The use of 
artificial inclusions such as polymeric geosynthetics (geogrids, geotextiles, and 
geocomposites) and energy absorbing rubber mats to enhance the soil-structure 
interaction and minimise particle degradation is a cost effective way of increasing the 
serviceability of tracks and extending the maintenance cycles. Geosynthetics and 
rubber mats fulfil several functions in a new track construction or existing track 
restoration such as vertical and lateral reinforcement, enhance drainage, filtration, 




There have been numerous research studies to investigate the benefits of track 
stabilisation such as using geosynthetics to reinforce the ballast layer (Bathurst and 
Raymond 1987; Raymond 2002; Indraratna et al. 2006; McDowell and Stickley 
2006; Brown et al. 2007; Tutumluer et al. 2012a; Indraratna and Nimbalkar 2013; 
Leshchinsky and Ling 2013a), stabilising the subballast layer with geosynthetics 
(Shin et al. 2002; Fernandes et al. 2008; Leshchinsky and Ling 2013b; Indraratna et 
al. 2015a) and subgrade stabilisation (Tatsuoka et al. 1992; Göbel et al. 1994; 
Indraratna et al. 2010b; Fatahi and Khabbaz 2011; Arulrajah et al. 2015). Energy 
absorbing rubber mats in rail tracks can also attenuate the impact and cyclic stresses 
induced from moving wheels and mitigate track degradation. Currently, the research 
studies on rubber mats are mostly limited to reducing structure borne noise and 
vibration, and the elastic responses of track (Wettschureck 1997; Hemsworth 2000; 
Hanson and Singleton Jr 2006; Lakuši et al. 2010; Schneider et al. 2011; Alves Costa 
et al. 2012; Loy 2012; Paixão et al. 2015; Zakeri et al. 2015). Only limited studies 
have been carried out to investigate geotechnical behaviour such as plastic strain and 
the degradation of ballast under dynamic loads when ballast is stabilised with rubber 
mats (Johansson et al. 2008; Nimbalkar et al. 2012; Alves Ribeiro et al. 2014; 
Indraratna et al. 2014a; Plasek et al. 2014; Sol-Sanchez et al. 2014; Abadi et al. 2015; 
Sol-Sanchez et al. 2015; Nimbalkar and Indraratna 2016).   
2.5.1 Resilient Elastic Elements in Rail Tracks 
The deterioration of track and degradation of its geometry, as well as noise and 
vibration, are major problems that must be reduced as much as possible to increase 
the longevity of tracks. Among the wide range of mitigation techniques, one option 




substructure more uniform along the track. One approach to modifying the stiffness 
involves the installation of resilient elastic elements in rail track (Zhai and Cai 1997; 
Kaewunruen and Remennikov 2006; Loy 2008; Marschnig and Veit 2011; Indraratna 
et al. 2012; Nimbalkar et al. 2012; Sol-Sanchez et al. 2015). Three of the most 
commonly used resilient elements in rail tracks are: (i) rail pads (RPs) - installed at 
the rail and sleeper interface; (ii) under sleeper pads (USPs) - embedded beneath the 
sleeper, especially with concrete sleepers; and (iii) under ballast mats (UBMs) - 
installed underneath the ballast layer. USPs and UBMs shown in Fig. 2.27 are mainly 
used to protect the substructure layers, especially the ballast which is in direct 
contact with these two resilient layers when placed in the track. 
These resilient elements are normally made of rubber, high-density polyethylene 
(HDPE), ethylene vinyl acetate (EVA), thermoplastic polyester elastomer (TPE) and 
polyurethane elastomers (PE) (Kaewunruen and Remennikov 2006; Johansson et al. 
2008; UIC 2009). In recent years elastic elements have been made by utilising waste 
materials such as used tyres for the purpose of stabilising ground to build 
infrastructures (Tiwari et al. 2012; Sol-Sanchez et al. 2014; Ajmera et al. 2016; 
Navaratnarajah et al. 2016). These materials are lightweight, corrosion-proof and 
easy to make into any required shapes. Even though these polymeric materials 
deteriorate when exposed to the environment (thermal, oxidation, photolytic, and 
hydrolysis), they have a handy service life of approximately 20 years (Ito and Nagai 
2008; Lakuši et al. 2010). Given their resilience behaviours, RPs, USPs, and UBMs 
increase the contact area between their respective track components and reduce the 





Figure 2.27: Under Sleeper Pads (USPs) and Under Ballast Mats (UBMs) used in 
tracks (Courtesy DAMTEC ; Getzner ; Lakuši et al. 2010; Indraratna et al. 2011) 
2.5.2 History: Development and use of rubber mats in rail track 
Improving rail track by using rubber mats was introduced in the early 1960s and has 
become very popular in recent years, especially in Central Europe (Bolmsvik 2005; 
Schneider et al. 2011; Sol-Sanchez et al. 2015). It was first used to reduce vibration 
and noise transmitted from the rail track to nearby buildings, but since then it has 
been widely used to reduce the contact stresses and ballast pressure. In 1964, UBMs 
were used in the high-speed line between Osaka and Tokyo to reduce the stresses on 
ballast and to avoid the rapid degradation of ballast which occurred on the deck of 
concrete bridges in that high-speed line (Sol-Sanchez et al. 2015). Elastic elements in 
track have been used in European countries for various specific solutions. Swiss 
National Railways (SBB) and German Railway Company (DB) recommended to 
increase track flexibility using either UBMs or USPs in tracks where the thickness of 




National Railway Company (SNCF) started using a thin layer of polyurethane under 
the sleepers to reduce the contact stress between sleeper and ballast (Bolmsvik 2005). 
Since 2005, the Austrians have used USPs as a standard component in turnouts to 
improve the quality of track and reduce the growth of rail corrugations on curves 
with small radii in category A tracks (Schneider et al. 2011). In the UK, Network 
Rail installed UBMs with a ballast thickness of only 130 mm to provide extra 
elasticity in a tunnel section of the Gospel Oak line in London, and it significantly 
reduced ballast deterioration (Potocan 2010). 
Experiences from the German Railways (DB) show that the lifespan of UBMs is 
more than 20-25 years, so they generally do not shorten the life cycle of the whole 
track (Bahn and Terno 2011). UBMs were extracted during maintenance of a high-
speed line between Hannover and Wurzburg in Germany after 21 years of traffic at 
approximately 384 million gross tonnes (MGT). These mats were originally placed 
in a bridge deck in 1987. The mechanical properties of extracted UBMs evaluated in 
the laboratory showed that the static and dynamic stiffness of the mats increased by 
about 8-11% and are within the tolerance (less than 15%). A visual inspection 
indicated some plastic indentations by ballast stones in the mat, otherwise, they were 
largely unaffected by weathering and thousands of freeze and thaw cycles (Dold and 
Potocan 2013). This high-speed line also underwent less maintenance during its 
service life compared to other sections without UBM. This case history indicates the 
potential of UBMs for long-term usage to reduce deterioration and increase the 




2.5.3 Resilient Elastic Elements for Noise and Vibration reduction 
The noise and vibration generated by trains present a serious problem to the track 
structure and also to the nearby structures and comfort of residents living in the 
immediate vicinity of the rail tracks. The propagation of noise and waves of vibration 
has been the focus of attention from the time railway systems were first established 
(South 1863; Hyde and Lintern 1929). There have been a number of methods 
developed to control ground-borne noise and vibration, including reducing the 
resonance and unsprung mass of bogies, floating slabs, underground barriers and 
trenches, resilient sleepers, and ballast mats among others (Wilson et al. 1983). The 
inclusion of resilient elements is one of the low-cost alternatives used to reduce 
ground-borne noise and vibration from tracks.    
A study by Loy (2012) suggests that USPs made of a sandwich type of pad 
arrangement consisting of a soft and acoustically highly-effective elastic layer 
embedded between a mechanical adhesion mesh next to the concrete sleeper and a 
viscoplastic layer on the ballast side can provide various functions to cater for the 
differing requirements. UBMs have been installed in urban railway systems in many 
countries to isolate ground-borne vibrations from trains (Hanson and Singleton Jr 
2006). A numerical study by Auersch (2006) suggests that UBMs are an effective 
way of minimising vibration near rail tracks. The stiffness of the track structure also 
influences the noise and vibration produced from the track, for example, ballasted 
open track versus ballasted track on bridges and slab tracks (ballastless track) where 
the higher the stiffness, the greater the noise and vibration (Lichtberger 2005). 
Consequently, softer elastic resilient elements have been developed to vary the 




A lower resonance frequency is better for high-speed trains (higher loading 
frequency) because resonance leads to increased particle movements and lack of 
particle interlock in the ballast layer. Hanson and Singleton Jr (2006) reported that 
UBMs are an effective countermeasure to decrease vibrations induced in the medium 
frequency range. A numerical study by Alves Costa (2012) reported that resilient 
elements inserted below the rails (RPs) or the sleepers (USPs) increased the resonant 
frequency due to comparatively less weight above the isolation. However, lower 
resonant frequencies can also be attained in ballasted tracks by using UBMs.  
2.5.4 Influence of Elastic Elements on the Reduction of Life Cycle Cost 
The life cycle cost (LCC) of a rail track can be reduced by: (i) reducing the cost of 
depreciation by extending the service life; (ii) reducing the operational and 
obstruction costs by making track more available for service; and (iii) lowering the 
maintenance cost by reducing the number of routine maintenance cycles. An LCC 
analysis on the Austrian Railway showed that USPs significantly reduced the 
depreciation, operational hindrance and maintenance costs leading to a reduction of 
average annual cost of track, as shown in Fig. 2.28 (Schilder 2013). When soft USPs 
were installed under hard concrete sleepers, it reduced the ballast degradation and 
extended the intervals needed to tamp the ballast, and increased the service life of 
ballast by at least 100%, both of which resulted in enormous savings in maintenance 
expenditure (Marschnig and Veit 2011). Lakuši et al. (2010) also stated that ballast 
tamping intervals can be 2 to 2.5 times longer when USPs are used in heavy haul 
tracks. Therefore, Marschnig and Veit (2011) concluded that the use of USPs in 





Figure 2.28: Life Cycle Cost (LCC) with and without USP (after Schilder 2013) 
2.6 Influence of Rubber Mats on the Mitigation of Stress-Strain and 
Degradation behaviour of Ballast 
Granular materials such as ballast undergo progressive deformation under cyclic 
loading from the passage of trains, and this causes an accumulated geometric 
deterioration of the track. It is a major problem for fast and heavy haul tracks and 
also for shared corridors where passenger and freight trains operate on the same 
track. The progressive deformation of the ballast layer is the consequence of the loss 
of contact between the ballast particles and breakage caused by repeated cyclic and 
impact loads. To reduce these problems, USPs and UBMs are used to stabilise the 
ballast because their elastic (resilient) behaviour allows ballast particles to bed better 
with the track components which then increases the contact area at the ballast 
interface which reduces stress on the ballast. This reduction in stress minimises 
ballast strain and degradation. The following sections discuss the investigations 




2.6.1 Influence of USPs on Track Responses 
2.6.1.1 Ballast contact area and ballast stresses 
As mentioned previously, the use of USPs in sleepers reduces ballast stress by two 
mechanisms: (i) increasing the contact area between ballast and sleeper, and (ii) 
increasing the number of load bearing sleepers per axle load (Bolmsvik 2005; 
Dahlberg 2010). Each of these mechanisms reduces the maximum load carried by 
each sleeper and thereby reduces ballast stresses as well as ballast strain and 
degradation.  
Bolmsvik (2005) reported that USP increased the contact area between ballast and 
sleeper to 36% for soft USP (stiffness 30 kN/mm) and 18% for stiff USP (stiffness 
70 kN/mm), which is otherwise much lower than 12%. The study by Loy (2008) 
revealed that the contact area between the sleeper and the ballast increased to 30-
35% with USPs (bedding modulus of 0.2 N/mm3) where it is only about 5-8% 
without USPs, thus reducing pressure on the ballast by 10-25%. Dahlberg (2010) 
found that a stiff track transmitted wheel load to the ballast through fewer sleepers. 
Therefore, the ballast-sleeper interface contact stress is very high, but it can be 
minimised by introducing USPs which distribute the stresses over more sleepers 
which then decreases the ballast stresses. A maximum contact force of 57 kN without 
USP is decreased to 48 kN with a stiff pad (stiffness 3000 kN/mm), 32 kN for a 
medium stiff pad (stiffness 400 kN/mm), and 22 kN for a soft pad (stiffness 50 
kN/mm), as shown in Fig. 2.29. Dahlberg (2010) therefore concluded that due to a 
significant reduction in ballast stresses, these USPs can be used to protect the ballast 
material in the track bed and also reduce the detrimental effects of hanging sleepers. 




to 100 mm by using USPs because it reduces the load transferred to the ballast bed 
by 20-30%, the stress in the ballast by up to 40%, and increase lateral track resistance 
by up to 9%.  
 
Figure 2.29: Sleeper-Ballast contact force for stiff track with and without USP (after 
Dahlberg 2010) 
2.6.1.2 Track damping and energy dissipation   
Rail track structure distributes and dissipates the dynamic energy transmitted 
from moving trains. Energy dissipation is a function of damping property of the 
track components. Structural damping is the main mechanism in the ballast layer 
where energy is dissipated by relative particles movement and particle breakage. 
Track damping properties are affected by the quality of ballast (e.g., fresh versus 
fouled ballast), the type of sleepers used (e.g., timber, concrete, steel and plastic 
sleepers) and the type of subgrade (e.g. soft subgrade versus stiff subgrade). Fresh 
ballast tends to have higher damping than fouled ballast. When fouled, the discrete 




Moreover, a track with concrete sleepers on a ballasted bridge deck exhibited high 
stiffness and inadequate track damping which contributed to the high dynamic 
stresses in the substructure. Therefore, track damping should be wisely considered 
when seeking ways to reduce dynamic stresses and damaging vibrations (Sasaoka 
2006).  
The way to increase the damping property of track structure is to provide a 
resilient pad to the ballasted structure at a suitable location. These pads also 
reduce any unequal stiffness in the track. A summary of track modulus and damping 
measured at various heavy axle (freight) railroads in the United States, conducted by 
the Transportation Technology Centre, Inc. (TTCI) is shown in Figs. 2.30a & b, 
respectively. These measurements show that the USPs under concrete sleepers 
reduced stiffness by about 67% at open track and 38% at bridge deck, while 
increasing its damping by about 92% at open track and 150% at bridge deck. 
Therefore, resilient pads not only reduce track stiffness, they also increase track 
damping, both of which should be beneficial to vehicle/track interaction. The 
efficiency of this method is still being assessed. Another laboratory study by 
Sasaoka (2006) indicates that damping levels increased by 50% when concrete 
ties were used with USPs on bridges; this means the energy from dynamic loads 






Figure 2.30: Summary of (a) Track Modulus; and (b) Track Damping (after Li et al. 
2015)       
2.6.1.3 Track settlement and the influence of the thickness and stiffness of USP  
To smooth the varying degrees of track stiffness along a track, especially at 
transitions such as turnouts and approaches to bridges, USPs with varying stiffness 
and thickness can be used (Loy 2009; Ferreira and López-Pita 2015; Sol-Sanchez et 
al. 2015). A study by Loy (2009) shows that the differences in vertical deflections 
were smoothed out by installing various types of USPs at turnouts; it allowed for 
more homogeneous deflection patterns and also reduced the forces transmitted to the 
track structure by 10-30%.  
The dynamic response of USPs with varying thicknesses studied by Sol-Sanchez et 
al. (2014) showed that the resilient deformation of track and energy dissipations are 
highly dependent on the thickness of the USPs. USPs manufactured from 
deconstructed used tire (DT-USPs) with thicknesses varying from 5 to 11 mm were 




speeds simulating loading frequencies of 5 and 10 Hz. The results presented in Figs. 
2.31a & b show that resilient displacement increased with the thickness of the pad 
and decreased with the loading frequency. The energy dissipation capacity was also 
greater when thicker pads were used. It was therefore concluded that thicker USPs 
are better for track sections requiring less vertical stiffness because they dissipate 
more energy from the sleepers to the track substructure.    
 
Figure 2.31: Variation of: (a) Resilient displacement and (b) Energy dissipation with 




Based on laboratory investigations with a USP attached under a concrete block, Stahl 
(2005) reported that ballast aggregates at the USP-ballast interface make better 
contact and will not slip relative to the sleeper, and thus improve the lateral 
resistance of a sleeper with USP. These findings are in line with the results by 
Müller-Boruttau and Kleinert (2001) where sleepers with USP generally improved 
the lateral resistance of track. It is also reported that the improved lateral resistance 
depends on the thickness and stiffness of the USP.     
2.6.2 Influence of UBMs on Track Responses     
2.6.2.1 Reduction of ballast stress and ballast deterioration using UBM 
Whilst elastic elements near the surface of the track (RPs and USPs) are better at 
increasing the elasticity of track, UBMs are more effective in reducing the fast 
deterioration of ballast in contact with rigid substructures such as bridges and 
tunnels. Ballasted tracks are subjected to even greater stresses and faster 
deterioration in sections where a reduced ballast thickness is used and places where 
heavier concrete sleepers are used instead of lightweight timber sleepers. The use of 
UBMs in these sections reduces excessive ballast deterioration and also offsets the 
adverse effects associated with the ballast of limited depth (Potocan 2010). 
Therefore, the track construction guidelines of European Railway Companies have 
included UBMs as a standard component to their track sections where reduced 
ballast thickness is used.  
The deformation, induced dynamic stresses, and mechanical energy dissipation 
characteristics of UBM depend on the thickness, density and type of elastic material 




out that the resonance frequency shifted between 20 Hz and 50 Hz when ballast mats 
were used in the track foundation. Therefore, depending on the thickness and 
stiffness of the under ballast mats, the dynamic forces decreased considerably. A 
track-bridge model developed by Le et al. (1999) was used to investigate the 
dynamic responses of a bridge deck with UBMs. The results showed that the UBM 
reduced the stiffness between ballast and bridge deck by about 83% and increased 
damping by about 180%. A numerical analysis of the track-bridge model of three 
different tracks (standard track, with UBM, and with both USP & UBM) shows that 
the inclusion of UBM significantly reduced ballast stress and when both USP and 
UBM are included, it further decreased the ballast stress at the bridge deck, as shown 
in Fig. 2.32 (Le et al. 1999).      
 
Figure 2.32: Maximum ballast stress at the bridge deck (after Le et al. 1999) 
2.6.2.2 UBM for reducing impact induced damage and ballast breakage 
Impact forces occur due to wheel and rail irregularities such as defects in the wheels 
(worn wheel surface and wheel flat) and rail (worn rail surface, dipped joint, rail 




forced vibration (Nielsen and Johansson 2000; Kaewunruen and Remennikov 2007; 
Anastasopoulos et al. 2009; Indraratna et al. 2012; Bian et al. 2013; Indraratna et al. 
2014b). These impact forces are higher in magnitude than typical quasi-static forces 
and cause accelerated ballast strain and breakage, especially in tracks with very stiff 
substructure foundations and transition areas such as the  approaches to bridges, road 
crossings, and transitions from ballast to slab track (Li and Davis 2005; Seara and 
Correia 2010; Indraratna et al. 2011; Mishra et al. 2014). 
A field study by Li et al. (2010) and a laboratory study by Nimbalkar et al. 
(2012) suggest that using resilient rubber mats at locations above and below 
the ballast layer significantly reduced the impact forces and ballast breakage. 
Tests conducted at the Facility for Accelerated Service Testing (FAST) near 
Pueblo, Colorado, USA showed that the track modulus on bridges was lowered 
significantly by placing resilient pads (USPs and UBMs) in the track structure; as 
a result, the average impact forces decreased by 20 to 40% (Singh et al. 2004; Li 
et al. 2010). However, ballast deformation and degradation behaviours were not 
evaluated in this field study.  
Nimbalkar et al. (2012) carried out impact load testing using a large-scale 
impact test apparatus by simulating typical dynamic stresses (in the range of 400-
600 kPa) caused by wheel flat and dipped rail (Jenkins et al., 1974; Steffens and 
Murray, 2005; Indraratna et al., 2010). The performance of ballast stabilised with 
rubber mats was analysed in this study by placing rubber mats at two different 
locations: one on top of the ballast (USP) and the other under the ballast (UBM). A 
combination of placing both USP (top) and UBM (bottom) was also tested. As Figs. 




and lateral strains of ballast in the order of 10 to 45% when used to stabilise 
ballast with stiff or weak foundations. The maximum impact forces on ballast 
and the resultant ballast breakage were higher for stiff foundations than for 
weak foundations, as shown in Figs. 2.34a & b.  
 
Figure 2.33: (a) Axial and (b) lateral strain for Impact Loads with and without 
Rubber Mats (after Nimbalkar et al. 2012) 
 
Figure 2.34: Maximum Impact Force and Ballast Breakage Index (BBI) for (a) stiff 
base and (b) weak base with and without Rubber Mats (after Nimbalkar et al. 2012) 
The study concluded that UBMs are very effective for stiff bases whereas USPs 




Irrespective of the condition of the base, rubber mats placed both at the top and 
bottom of ballast is the most reliable option to minimise the impact forces and 
ballast degradation. However, Hunt (2005) reported that increasing the elastic 
elements in the track can cause excessive plastic deformation of ballast, as well as 
fatigue damage to other track components. The effectiveness of rubber mats on a 
large number of repeated cyclic loadings which also cause significant damage to 
the track structures was not considered by Nimbalkar et al. (2012). However, 
this study still provided an important perception about USPs and UBMs, 
including the benefits of having UBMs on stiff base foundations which limit the 
induced impact stresses and ballast breakage. 
2.7 Case History: Use of Rubber Mats in Rail Track 
2.7.1 USPs used in ballasted rail tracks 
The International Union Railway project (UIC 2009) by the Track Expert Group 
(TEG) investigated the effect of USP in track from 2005 to 2007. The main objective 
of this study was to standardise a ballasted track with USP in order to enable all UIC 
railways to benefit from the advantages of USP within as many field applications as 
possible, including the cost benefit of using USP, USP on transition zones, on bridge 
decks, in curves with tight radii, turnouts and transition slabs (on and off structures), 
and USPs to reduce ground-borne vibration and airborne noise. In this work package, 
an extensive full-scale field test to investigate the influence of under sleeper pads 
(USPs) on track quality and track dynamics was carried out on the Schweizerische 
Bundesbahnen test site at Kiesen in Switzerland (Schneider et al. 2011). This study 




such that without USPs, track settlement increased with time and the ballast needed 
re-tamping, and then settlement started over again; with USPs, track settlement 
appeared to decrease over time.  The authors reported that the varying subgrade 
condition between padded and unpadded test track sites made it difficult to draw any 
specific recommendation.  
In the Czech Republic, two test sections were constructed to evaluate the 
performance of USPs and its influence on improving track quality and protecting the 
ballast bed under extreme stresses (Plasek et al. 2014). The test sections were built in 
the Planá nad Lužnicí (4th Czech railway corridor between Prague - České 
Budějovice - Linz) railway station and Havlíčkův Brod - Okrouhlice (the second 
main line Prague–Brno) in 2007. This study concluded that the inclusion of USPs 
improved track quality and reduced geometry deterioration, unlike track without 
USPs, thus extending the lifetime of the ballast. Moreover, the positive influence of 
USP was apparent after a long period of traffic on tracks with higher loads, both of 
which helped to pay off the additional investments incurred by the inclusion of USPs 
in tracks.   
In order to assess the benefit of USPs in a transition zone, Paixão et al. (2015) carried 
out field measurements at two similar underpasses, one with USP and other without 
USP, at a new single track “Alcacer bypass” at the Portuguese southern railway line. 
The findings showed that USP increased the vertical flexibility of the track and 
amplified the acceleration and transient displacement of rail and sleepers. The 
addition of USP in one section provided a smooth transition to bypass, but the type 
of USP used in the section added excessive flexibility which increased the 




USP in transition zones in terms of its stiffness, geometry, and arrangement along 
transition zone because it has a significant influence on the dynamic behaviour of the 
track.     
2.7.2 UBMs used in ballasted rail tracks 
The French high-speed line network includes a new experimental slab track in 
the new East European high-speed line from Paris to Strasbourg constructed in 
2007 (D’Aguiar et al. 2014). Part of this high-speed line is a special transition 
zone designed and constructed to improve the stiffness transition between 
ballasted to slab track. UBMs 4m wide by 20mm thick were placed under the 
ballast in the transition zone to smooth the variation in stiffness in the 45 m 
transition zone. A stiffer UBM was used in the 30 m long section adjacent to the 
ballasted track side and a softer UBM was used in the rest of the transition zone 
(15 m long) adjacent to the slab track. After the track opened for traffic, there 
were signs of track geometry degradation in the transition zone, especially at 
the softer UBM zone, so samples of UBM were taken to the laboratory for 
stiffness testing. It was reported by D’Aguiar et al. (2014) that the UBM samples 
were not as stiff as those recommended in the design, and thus made the track 
much more flexible (more than twice) than the specifications stated. It was also 
reported by D’Aguiar et al. (2014) that the zone with softer UBM is where 
acceleration and displacement are amplified. The softer UBM transition zone 
adjacent to the very stiff slab track clearly indicates inadequate variations in 
stiffness between these two sections. This case study clearly demonstrates the 
need for a proper design of track stabilised with resilient material with respect 




An instrumented field study was carried out at the Mudies Creek Bridge, 
Singleton, New South Wales, Australia where ballast was stabilised with UBM on 
top of the concrete bridge deck (Indraratna et al. 2014c; Nimbalkar and 
Indraratna 2016). The track section was monitored for a period of 5 years 
(approximately equivalent to 1.7×107 load cycles). The induced ballast stress 
(see Fig. 2.16a), ballast breakage (see Fig. 2.23) and plastic deformation (see Fig. 
2.24) were relatively lower with the UBM placed on top of the concrete bridge 
deck. A similar comparison between a bridge deck with and without UBM was not 
available in this field study to validate the results. However, the results from a nearby 
section of track on a hard rock formation (without UBM) compared well in relation 
to the stiffness of the track and the reduction due to the UBMs used at the Mudies 
Creek Bridge.   
2.8 Significance of Current Study 
As at this current date, most of the research focused on the effectiveness of rubber 
mats to attenuate track noise and vibrations relative to track stiffness. Limited 
laboratory and field works have been done on the effectiveness of rubber elements at 
reducing ballast stresses and the resultant deformation and degradation. Despite the 
comprehensive literature review undertaken in this work, no study has yet quantified 
the ballast stresses, plastic deformation, and ballast breakage clearly in relation to 
rubber elements provided at the stiff interfaces and stiff substructure foundations 
under repeated cyclic loads with varying axle loads and frequencies, thus justifying 




In view of this, a series of large-scale laboratory tests are proposed in this current 
study to simulate: (i) an open track with relatively softer foundation stiffness; and (ii) 
a track on a concrete bridge or tunnel with stiffer foundation where the deformation 
and ballast breakage are much higher. A range of cyclic loading frequencies (train 
speed) and axle loads was simulated in the laboratory test. Two different types of 
rubber elements, USPs for the open track and UBMs for the stiffer track, were used 
to stabilise the ballast, and then variations of ballast stress, strain, and degradation 
were assessed with and without rubber element for each type of foundation stiffness. 
Quantifying these behaviours with respect to increased train speeds and axle loads, 
and its mitigation by USPs or UBMs are a significant advancement in this current 





LARGE-SCALE LABORATORY TESTING 
3.1 Introduction 
Strength and deformation characteristic of aggregates are greatly influenced by the 
shape and size of the particles (Marsal 1967; Indraratna et al. 1993). The disparity 
between the actual particle size used in a track foundation and scaled-down particles 
used in a specimen for conventional triaxial testing leads to misleading stress-strain 
responses in the laboratory due to the size-dependant compressibility, dilation, and 
crushing aspects of soil aggregates. Large scale testing apparatus with a specimen of 
actual particle size provides more insightful and tangible practical outcomes to 
geomechanical problems. In this study, a series of large-scale cyclic load tests were 
conducted using the Process Simulation Prismoidal Triaxial Apparatus (PSPTA) to 
understand and assess the stress-strain and degradation behaviour of ballast, and how 
rubber mats influence this behaviour. This unique facility was designed and built at 
the University of Wollongong to examine the integrated behaviour of actual track 
materials (ballast, subballast, subgrade, concrete base and geosynthetic inclusions, 
i.e., the rubber mats in this study) used in a ballasted track foundation.   
The experimental program consisted of a range of loading frequencies (train speeds) 
and cyclic loads (axle loads) to examine how rubber mats would help to mitigate the 
excessive irrecoverable ballast deformation and particle breakage. In the current 
study, the performance of track was investigated by placing rubber mats under the 
concrete sleeper (tie), sometimes called the Under Sleeper Pad (USP), or it placed 




substructure layers built inside the cubicle chamber of the PSPTA consisted of rail, 
concrete sleeper, ballast, and base (subballast or concrete slab). Two types of 
substructure were simulated in the laboratory test: (i) a regular open track by placing 
subballast as the base layer and tested with and without USP placed under the 
concrete sleeper; (ii) a track on a bridge deck by placing a concrete slab as the base 
layer and tested with and without UBM placed on top of the concrete.   
3.2 Test Materials 
3.2.1 Fresh Ballast 
The fresh ballast material commonly used in NSW rail tracks was used for laboratory 
test. It was obtained from Bombo quarry near Wollongong City and is predominantly 
latite (volcanic) basalt, a common igneous rock that can be found along the south 
coast of NSW, Australia. These basalt aggregates are dark, fine-grained, and very 
dense, and have sharp angular corners when blasted and quarried. The physical 
properties of these aggregates such as the shape, durability, and strength are 
summarised in Table 3.1. While their physical properties indicate that their high 
strength and angular corners make them suitable for railway ballast, the degradation 
caused by the breakage of sharp corners and edges must be anticipated when it is 
used in rail tracks where faster and heavy-haul trains are operating. The wet attrition 
value of the aggregate is higher than the maximum recommended by the current 
Australian practices (AS 2758.7 2015), however this will not impact the results of 
current study as the ballast is only tested under dry condition. The fresh ballast 
obtained from the quarry was prepared for testing in accordance with AS 2758.7 




adhering to the aggregates and dried before screening through selected sieve sizes 
and then mixed in the desired proportions to obtain the required particle size 
distribution (PSD). The PSD and grain size characteristics of the ballast are shown in 
Fig. 3.1 and Table 3.2, respectively. 
Table 3.1: Physical properties of Latite Basalt (after Indraratna et al. 1998) 
Characteristics Test Results Recommended in AS 2758.7 (2015)  
Shape     
Flakiness 25% < 30% 
Misshapen particles 20% < 30% 
Durability     
Aggregate crushing value 12% < 25% 
Los Angeles Abrasion 15% < 25% 
Wet attrition value 8% < 6% 
Strength     
Point load index 5.39 MPa - 
Crushing Strength 130 MPa - 
 
 




Table 3.2: Grain Size Characteristics  










graded 63 19 1.6 1.2 
Subballast Rounded to angular Well graded 19 0.075 8.8 1.6 
3.2.2 Subballast 
The performance of USP in rail track was tested by simulating a regular open track 
where ballast is placed on top of subballast or subgrade. In this study, 150 mm thick 
layer of subballast was placed beneath the ballast layer. This subballast was also 
obtained from Bombo quarry, NSW. The maximum dry density (γd,max) and 
corresponding optimum moisture content (womc) of the subballast were 2115 kg/m3 
and 10%, respectively. Prior to testing, the raw granular subballast was sieved to 
meet the Australian standards (AS 2758.7 2015). Their PSD and the grain size 
characteristics are also shown in Fig. 3.1 and Table 3.2, respectively. The subballast 
was compacted to around 95% of γd,max at 10% moisture content using a vibratory 
hammer, before placing the ballast layer. 
3.2.3 Concrete Base 
The performance of UBM in rail track was verified by simulating a rail track on a 
bridge deck or tunnel where the potential vulnerability of ballast degradation is high. 
This hard base condition of a rail track was simulated via a 150 mm thick reinforced 
concrete base placed underneath the ballast. The circumference of this concrete base 
is 790 mm long by 590 mm wide, which allows for 5 mm of clearance around the 




3.2.4 Rubber Mats 
Two types of rubber mats were used in this study,  USP (Fig. 3.2a) which was glued 
tightly to the bottom face of the concrete sleeper (at the sleeper-ballast interface) and 
UBM (Fig. 3.2b) which was placed on top of the concrete base (at the ballast-hard 
base interface). The USP was a 10 mm thick elasto-plastic synthetic material made 
from polyurethane elastomers, while the UBM was also 10 mm thick, and was 
manufactured locally from recycled shredded tyres. After removing the non-rubber 
components (fibre and steel cords) from the waste tyres, they were shredded into 
rubber granulates and then encapsulated by a polyurethane elastomer compound to 
make rubber mats.  
 




The mechanical properties of these rubber mats are shown in Tables 3.3 & 3.4, 
respectively for USP and UBM. The static and dynamic properties of the locally 
manufactured UBM were evaluated using the MTS high-performance servo-
hydraulic testing apparatus shown in Figs. 3.3. Three UBM samples,  200×200 mm 
by 10 mm thick, were tested for static stiffness (Cstat) and lower frequency dynamic 
stiffness (Cdyn1) as per the established testing standards stipulated in DIN 45673-5 
(2010). The lower frequency dynamic stiffness tests were carried out at 5, 10, 15, 20, 
25 and 30 Hz cyclic loading frequencies. The results are presented in Chapter 5.  
Table 3.3: Mechanical Properties of Under Sleeper Pad (USP) 
Material Properties Data 
Thickness 10 mm 






Minimum tear strength at USP-Sleeper 0.4 MPa 
Average tear strength at USP-Sleeper 0.5 MPa 
Bedding Modulus, Cstat (DIN 45673-1) 0.22 N/mm3 
 
Table 3.4: Mechanical Properties of Under Ballast Mat (UBM) 
Material Properties Data 
Thickness 10 mm 
Weight (per unit area) 9.2 kg/m2 
Young’s Modulus 6.12 MPa 
Tensile Strength  600 kPa 
Tensile Strain at Failure 80 % 
Static Stiffness, Cstat (DIN 45673-5) 0.20 N/mm3 






Figure 3.3: MTS High-Performance Servo-Hydraulic Testing Apparatus 
3.3 Prototype Process Simulation Test Apparatus 
Cyclic loading tests were carried out using the large-scale PSPTA. This prototype 
apparatus has special features; (i) it can replicate the influence zone or the unit cell 
area of an Australian standard gauge heavy haul track (see Figs. 3.4a & b: showing a 
diagrammatic representation of rail track modified from Indraratna et al. 2015a); (ii) 
it has a true triaxial chamber where three mutually orthogonal independent principal 
stresses can be applied (see Figs. 3.5a & b), (iii) it has four independent moveable 
vertical walls which simulate the lateral movement of ballast in a real track (see Figs. 
3.5a & b), and (iv) the vertical actuator capacity is 100 kN and can apply cyclic loads 




PSPTA and triaxial chamber are shown in Figs. 3.5a & b. A Schematic 
representation of the PSPTA, rail-sleeper assembly and substructure layers are shown 
in Figs. 3.6a & b. 
 
Figure 3.4: (a) Simplified Track Geometry for Assessing the sleeper-ballast contact 
Pressure (after Jeffs and Tew 1991); (b) Typical Arrangements of Ballasted Track 





Figure 3.5: (a) Process Simulation Prismoidal Triaxial Apparatus (PSPTA); and     





Figure 3.6: Schematic Diagram of PSPTA and Test Specimen:                                            
(a) Front View; and (b) Plan View 
By exploiting the double symmetry of a straight track section (Australian standard 
gauge), the plan dimensions of the PSPTA (600mm x 800mm)  represent a simplified 
unit cell in which the side slope of the track prism and the role of shoulder ballast 




direction of 600mm equalling the spacing of sleeper (i.e. along the passage of train); 
and (ii) the transverse direction considering 400 mm on either side of one rail, giving 
a total distance of 800 mm, i.e. the effective sleeper length as defined by Jeffs and 
Tew (1991), which is one-third of the full sleeper length of 2400 mm for Australian 
standard gauge (Fig. 3.4a). A standard concrete sleeper (220mm wide by 200 mm 
thick; Kaewunruen 2007) was cut to 780 mm long (i.e. slightly less than the chamber 
length of 800 mm) so that it would fit inside the test chamber (Figs. 3.6a & b). The 
same prototype width of a sleeper with rail assembly was used to generate a 
comparable pressure beneath the sleeper at similar train axle loads simulated by the 
loading actuator of PSPTA. The depth of the test chamber is sufficient to 
accommodate the typical depth of ballast in track (i.e. 250-300 mm) followed by the 
underlying substructure layers (Figs. 3.6a & b).  It is noteworthy that no laboratory 
equipment is able to represent the actual depth of stratified ground beneath the track, 
so in this study, the non-displacement boundary of the PSPTA was fixed at a depth 
of 600mm.   
Unlike most conventional geotechnical equipment where the particle sizes must be 
scaled down relative to the size of the cell, PSPTA is a prototype device where 
ballast or other track elements do not need to be scaled down.  Also, unlike 
traditional test rigs with a fixed rigid boundary (steel or perspex), the PSPTA with 
movable vertical walls can allow lateral displacement to occur against the lateral 
confining pressure applied at the boundaries of the unit cell.  In this study, a plane 
strain condition was simulated by ensuring a near-zero lateral strain in the 
longitudinal direction (train passage direction which is perpendicular to the sleepers). 




of a plane strain condition (i.e. ε2 = 0) is often reasonable. Since the longitudinal side 
walls were kept restrained by a hydraulic jack connected to the wall, the confining 
pressure exerted by the walls in the longitudinal direction would vary during the test 
and it was measured by the load cell attached in line with the hydraulic jack (Fig. 
3.5b). 
Although in the field, the confining pressure in the transverse direction (parallel to 
sleeper) varies when ballast starts to displace under the axle load, in this 
experimental procedure the lateral pressure (σ3) was held constant at 15 kPa by a 
hydraulic jack connected to the vertical walls in the transverse direction (Fig. 3.5b). 
In ballast tracks that conform to a shallow granular foundation where the lateral 
confining pressure is quite small, an application of a constant confining pressure of 
15 kPa is well within the acceptable range or variation measured in typical Australian 
tracks (10-30 kPa;  Indraratna et al. 2011).  Also, the lateral movement of ballast on 
either side of the transverse direction of the PSPTA is almost the same, whereas in an 
actual track the lateral movement on either side of the rail is different due to the 
different geometric boundaries imposed by the side slope and shoulder ballast.  
Each vertical wall in the transverse direction can independently move outwards by 
up to 50 mm from the starting position. This imparts a maximum transverse strain of 
12.5%, which is large enough to represent the actual field conditions (Indraratna et 
al. 2011). The hydraulic jacks connected in line with the load cell and linear variable 
differential transformers (LVDTs) control the lateral stress and displacement of the 
walls, respectively. A system of hinges and linear and roller bearings enable the 
walls to move laterally with minimum frictional resistance. The servo-hydraulic 




and frequency of loading (see Fig. 3.5a & b). A test controller is connected to the 
host computer and software (Fig. 3.7a) to accurately record and display (Fig. 3.7b) 
the movements and loads associated with the main actuator and four vertical walls. 
Data from all the instruments, such as pressure cells and potentiometers were 
recorded by an additional data logger DT800 (Fig. 3.7a) connected to the host 
computer. 
 
Figure 3.7: (a) Test Controller and Data Logger DT 800 Connected to Host 
Computer; and (b) Typical Digital Output from the Computer Software  
3.4 Experimental Setup and Testing Procedures 
3.4.1 Specimen Preparation 
Fresh ballast aggregates collected from the quarry were cleaned with water, air dried, 
screened through selected sieve sizes, and then mixed in the desired proportions to 
obtain the test specimen (Figs. 3.8a & b). The ballast particles were colour coded 




with depth (Fig. 3.8c). The spray paint (water based and fast drying) provides a very 
thin coating of bright colours on the particles which does not affect the surface 
texture. The influence on inter-particle friction is expected to be negligible in view of 
the benefits of having coloured ballast for the purpose of visually examining the 
extent of degradation.  
 
Figure 3.8: Ballast Specimen Preparation: (a) Fresh ballast from Quarry; (b) Cleaned 
with Water, Air dried and Screened; and (c) Colour Coded with Spray Paint 
Laboratory tests were planned to be carried out with and without rubber mats (USP 
and UBM) by placing two different base conditions underneath the ballast layer in 
each case. When testing with USP, the bottom layer of the test specimen consisted of 
150 mm thick subballast (compacted to around 95% of γd,max using a rubber padded 
vibratory hammer, see Fig. 3.9a) overlain by a 300 mm thick layer of ballast, but 




base to simulate a hard subgrade condition (Fig. 3.9b). Initially, the 150 mm thick 
subballast or concrete base was placed inside the test chamber and then fresh ballast 
was placed on top of the subballast or on the concrete base, but when testing with 
UBM, the rubber mat was placed on top of the concrete base (Fig. 3.9c). Fresh 
ballast was placed as three 100 mm thick, compacted layers. The representative 
ballast aggregates directly under the sleeper in each 100 mm thick layer (bottom, 
middle and top) were colour coded as red, green, and blue; while the other 
aggregates below the sleeper were painted yellow and ballast above the sleeper (crib 
ballast) were painted white. Each layer of ballast was compacted to a typical field 
density of 1560 kg/m3 (corresponding to the approximate initial void ratio, 0 0.73e =
and specific gravity 2.7sG =  for ballast) by using a rubber padded vibratory 
compactor (Figs. 3.9d & e). The rubber padded hammer avoids or minimises any 
ballast breakages during tamping.  
The rail-sleeper assembly (Fig. 3.9f) was then placed and centred at the top of the 
compacted 300 mm load bearing ballast layer, and then the space around the sleeper 
was filled and compacted with 150 mm thick crib ballast (Fig. 3.9g). When testing 
with USP, the pad was tightly glued to the bottom face of the concrete sleeper (Fig. 
3.9h). A total of 500,000 load cycles (N) were applied for each test. The different 
types of instrumentation and the methods of data acquisition used in this study, and 
details of the vertical cyclic load and lateral confinements applied, are explained in 






Figure 3.9: (a) Compacted subballast layer (for USP Test); (b) Concrete base and 
pressure cell (for UBM test); (c) Layer of UBM Placed on top of the concrete base; 
(d) Compaction of ballast using a rubber padded vibratory hammer; (e) Pressure cell 
placed at the middle layer; (f) Rail-sleeper assembly placed on top of ballast layer 
and pressure cell placed at the sleeper-ballast interface; (g) Top view of final test 
arrangements showing settlement plates, potentiometer and servo-hydraulic actuator; 





The performance of integrated layered track simulated in the laboratory was 
monitored accurately in real time with robust and high-precision instruments and 
data acquisition units built or coupled along with PSPTA. The instrumentation 
scheme consists of load cells, Linear Variable Differential Transformers (LVDTs), 
potentiometers, pressure cells, and settlement plates (Fig. 3.10).  
 
Figure 3.10: Instrumentation: Load cell, LVDTs, Pressure cell, Potentiometer, and 
Settlement plate  
As explained in the previous section, the vertical and lateral loads were measured 
using in-built load cells attached to the main actuator and hydraulic jack, respectively 
(Fig. 3.5a & b). Lateral deformation is based on the movement of vertical walls 
where LVDTs are connected between the vertical walls and the external frame. 




with a capacity of 1 MPa) specifically made for granular soil type were placed at 
each of the following interfaces to measure variations in pressure with depth: (i) at 
the ballast-subballast or ballast-concrete base interface (Fig. 3.9b); (ii) at the middle 
of the load bearing ballast layer (Fig. 3.9e); and (iii) at the sleeper-ballast interface 
(Fig. 3.9f). The pressure cells were placed with care to ensure they are in full contact 
with the subballast, the concrete base, the ballast layers, and the concrete sleeper to 
avoid any erroneous data being recorded during testing. The vertical deformation of 
ballast and subballast were measured using the potentiometers (stroke 100 mm) and 
stainless steel settlement plates with a base of 100×100×6 mm attached to 10 mm 
diameter rods with lengths that match the depth of the embedded layer inside the 
cubical chamber. The settlement plates were installed at the ballast-base and sleeper-
ballast interfaces. Every instrument was calibrated and the calibration factors were 
inserted into the host computer which is supported by LabVIEW software to record 
all associated load, stress and deformation data against time and the number of 
loading cycles (N) during testing. The transducer housings and the cable leads of the 
instruments were encased in flexible rubber conduits to protect them from damage 
due to vibratory compaction of the ballast sample during preparation and during the 
cyclic loadings. 
3.4.3 Data Acquisition 
The initial readings of all the instruments were taken before starting the cyclic 
loading test phase. Thereafter, high-frequency continuous data and also data at 
selected cycles (N=100, 500, 1000, 5,000, 10,000, 50,000, 100,000, 200,000, 
300,000, 400,000 and 500,000) were collected from all the previously listed 




data was also collected at the aforementioned selected cycles. The final weights of 
each of the three ballast layers (after screening through selected sieves as per the 
PSD) were carefully measured and recorded for ballast breakage calculations. 
3.4.4 Cyclic Loading 
The typical cyclic loading experienced by rail track foundations was simulated in the 
PSPTA. The cyclic load applied by the servo-hydraulic actuator (see Figs. 3.5a and 
3.9f) through a 100 mm diameter cylindrical steel ram was transmitted to the ballast 
layer by a rail-sleeper assembly (see Fig. 3.9g). The harmonic sinusoidal loading 
(cyclic major principal stress, 1cycσ ′ ) applied is shown in Fig. 3.11.  
 
Figure 3.11: Applied Cyclic Load 
Initially, a strain-controlled loading at a rate of 1 mm/s was applied to bring the 
ballast-sleeper interface stress up to the mean cyclic deviator stress 1 ,( )cyc meanσ ′ , and 
then a stress-controlled loading was applied by selecting loading amplitude of 




conditioning phase where a reduced loading frequency ( f ) of 5 Hz was used for 100 
load cycles (N) to improve contact at the sleeper-ballast interface and avoid losing 
actuator contact with the rail top surface. This ensures that the different components 
are seated properly at their interfaces. Subsequently, a loading phase with an actual 
test frequency was applied for the remaining 500,000 cycles. The minimum
1 ,min( ),cycσ ′  maximum 1 ,max( )cycσ ′ , mean stress 1 ,( )cyc meanσ ′ and stress amplitude (A) of the 
applied cyclic loading which corresponds to 25 and 35 t axle loads are shown in Fig. 
3.11. These pressures were determined using the American Railway Engineering 
(AREA) method (Li and Selig 1998a). The maximum contact pressure applied 
between the sleeper and ballast 1 ,max( )cycσ ′  by assuming a simplified uniform pressure 









′ =  
 
                                                       (3.1)   
where B is the width and Le is the effective length of the sleeper, rq  is the rail seat 
load, and F is the factor depending on the type of sleeper and track maintenance. 
Assuming that at least one-third of the sleeper length ( / 3)eL l= to be effective (Clark 
and Lownder 1979; Indraratna et al. 2011), the above equation becomes:   





σ  ′ =  
 
                                                       (3.2)   
The length, l (varies 2.39-2.5 m) and the width, B (varies 0.20-0.26 m) of the sleeper 
depends on the type of the sleeper (heavy or medium duty) used on track. About 30-
60% of the wheel load is transferred to the sleeper directly beneath the wheel while 
the remainder is transmitted to adjacent sleepers (Atalar et al. 2001; Li et al. 2015). 




( 0.4 25 / 2 9.8 49 )rq kN= × × =  and considering a new track ( 1F = ) and assuming 
2.4l m= and 0.26B m= , the applied maximum pressure, 1 ,maxcycσ ′  is calculated to be 
230 kPa; the same for a 35 t axle load is 320 kPa. The minimum applied pressure, 
1 ,mincycσ ′ was selected as 30 kPa based on the in-situ unloaded track weights; this 
includes rail and sleepers. This minimum load also prevents any undesirable 
behaviour by the cyclic loading actuator such as impact loads due to improper 
contact between the rail and loading ram. The mean, 1 , 1 ,max 1 ,min1/ 2( )cyc mean cyc cycσ σ σ′ ′ ′= +  
and amplitude, 1 ,max 1 ,min1/ 2( )cyc cycA σ σ′ ′= − of the cyclic loading phase for the axle 
loads of 25 and 35 t are also shown in Fig. 3.11. 
The frequencies of the cyclic loading used in this study were 10, 15, 20 and 25 Hz. 
The loading frequency (f) of a train moving at a speed of V km/h is expressed as
/f V λ= , where λ is the characteristic length (distance between the wheels of 
common rolling stock bogie). The bogie distance is much greater than the axle 
distance, and therefore the distance between the pair of rear axles of a leading wagon 
and a pair of front axles of the trailing wagon generates the maximum cyclic loading 
frequency (Indraratna et al. 2015a). The λ of common heavy haul rolling stock is 
about 2.02 m, so a loading frequency of 10 Hz represents a train speed of 73 km/h
( 10 2.02 3600 /1000 73 / )V km h= × × = . The other test frequencies adopted were 15, 
20 and 25 Hz, and these values represent train speeds of about 110, 145 and 182 
km/h, respectively. 
Lateral confinement provided by the weight of the crib and shoulder ballast in a real 
rail track was simulated by the vertical walls (see Figs. 3.5a & b) of the PSPTA 




principal strain, 2ε ) is negligible (for a long straight rail track), but transverse strain 
(minor principal strain, 3ε ) is significant due to low confinement (Ishikawa et al. 
2011; Indraratna et al. 2015a), therefore the vertical walls in the longitudinal 
direction were locked in position 2( 0)ε = and the corresponding stress exerted by the 
wall (intermediate principal stress, 2σ ′ ) was measured. The ballast aggregates were 
allowed to spread laterally along the direction parallel to the sleeper under the 
applied cyclic load, therefore the vertical walls in the transverse direction were 
allowed to move in the lateral direction with an applied confining stress (minor 
principal stress, 3σ ′ ) of 15 kPa. The accompanying lateral movement 3( )ε was 
measured during testing.  
3.4.5 Cyclic Load Test Program 
In this study, a total of 20 large-scale cyclic load tests were carried out using PSPTA. 
As summarised in Table 3.5, eight tests were carried out to analyse the performance 
of ballast with and without USP by simulating an open track by placing the 
subballast layer underneath the ballast layer. The two axle loads simulated were 25 
and 35 t, with loading frequencies of 15 and 20 Hz.  
The performance of UBM was analysed by simulating a hard base condition such as 
a rail track running on a concrete bridge deck. A total of twelve tests were carried out 
with and without UBM on top of the concrete base placed beneath the ballast layer. 
The two axle loads simulated were 25 t with loading frequencies of 15, 20 and 25 
Hz, and 35 t with loading frequencies of 10, 15 and 20 Hz. A summary of the UBM 











































































3.5 Ballast Contact Surface Profile 
The number of ballast aggregates (highly angular) in contact with hard interfaces 
such as concrete sleepers or the deck of a concrete bridge is essentially discrete by 
nature and relatively small in area. When a resilient pad such as USP or UBM is 
placed at the concrete-ballast interface, the contact area increases because the 
resilient layer allows the ballast aggregates to partially penetrate the surface of the 
resilient pad. In this study, Surface Profiler Film (SPF) was used to capture the 
spatial distribution of ballast contact points at various interfaces of the substructure 
layers where ballast is in direct contacts, such as the concrete interface (sleeper-
ballast and ballast-concrete base) and the rubber mat interface (USP-ballast and 
ballast-UBM), under cyclic loading.  
The SPF material used in this study is a very thin (4 mils or 0.1 mm) mylar based 
film which contains two sheets with rough sides: (i) a donor sheet or colour-forming 
material, containing a layer of tiny microcapsules; and (ii) a receiver sheet or colour-
developing material, containing a colour developing layer as shown in Fig. 3.12. 
These sheets are placed together between the interfaces to enable the colour-forming 
material on the donor sheet to react with the colour-developing material on the 
receiver sheet under the applied pressure. The application of pressure on the film 
causes the microcapsules to rupture and instantaneously produces a permanent and 
high-resolution topographical image (magenta coloured) across the contact surface 
area. In this study, SPF was used in selected tests to obtain the variations in the 
contact area with and without rubber mats. The sheets of SPF attached at the 
interfaces of ballast to the sleeper, USP, the concrete base, and UBM are shown in 





Figure 3.12: Cross-sectional view of a Surface Profiler Film (SPF) 
 
 
Figure 3.13: Surface Profiler Film (SPF) placed to measure the contact area at the 





3.6 Chapter Summary 
This chapter presented the details of the laboratory test procedures used to 
investigate the performance of ballast, together with the role of USP and UBM in 
controlling ballast stress, strain, and degradation characteristics. The static and 
dynamic properties of locally manufactured UBM using waste tyres were evaluated 
using the MTS high-performance servo-hydraulic testing apparatus. The cyclic 
loading tests for simulating a regular open track (ballast placed on top of subballast) 
and a track on a concrete bridge deck (ballast placed on top of the concrete base) 
were conducted using the large-scale Process Simulation Prismoidal Triaxial 
Apparatus (PSPTA). The characteristics of the materials used (ballast, subballast, 
USP and UBM), preparation of test samples, experimental setup, instrumentation and 
data acquisition, were also described in this chapter. The findings of the laboratory 
tests are presented and discussed in the subsequent Chapters 4 and 5 for USP and 
UBM, respectively, and the effects of various interfaces on the stress-strain and 
degradation behaviour of ballast are discussed in Chapter 6. 





PERFORMANCE OF BALLAST STABILISED WITH UNDER SLEEPER 
PADS (USPS) SUBJECTED TO CYCLIC LOADING 
4.1 Introduction 
This chapter describes the results of large-scale laboratory experiments on prototype 
ballasted track stabilised with Under Sleeper Pads (USP) subjected to cyclic loading. 
The rail track substructure was simulated in the laboratory using the Process 
Simulation Prismoidal Triaxial Apparatus (PSPTA). The performance of ballast 
stabilised with USP attached to the concrete sleeper was corroborated by mimicking 
an open track in the laboratory by placing subballast layer beneath the ballast layer. 
Two axle loads of 25 and 35 t with cyclic loading frequencies of 15 and 20 Hz were 
used in this series of laboratory experiments. The stress-strain and degradation 
response from laboratory test are presented and discussed in the following sections. 
4.2 Large-Scale Triaxial Test 
4.2.1 Assessment of Stress-Strain Response 
The stress-strain response of ballast under cyclic loading with and without resilient 
rubber mats was evaluated in this study. The accumulated vertical (Svp) and lateral 
(Shp) plastic deformation and corresponding vertical 1( )ε and lateral 3( )ε  plastic 
strain of ballast (with and without rubber mats) were measured at different loading 
frequencies and axle loads of 25 and 35 t. Plastic deformation was divided by the 




lateral, 3 / 800hpSε = ) to obtain the mean strain. Plastic deformation is the residual 
deformation of ballast alone, and was measured at the end of each selected cycle (e.g.  
N=100, 500, 1000, 5,000, 10,000,…….500,000) by taking the average value of the 
difference between the readings from the potentiometers placed on top of the sleeper 
and readings from the settlement plate placed at the ballast-subballast (USP test) or 
ballast-concrete base (UBM test) interface, in order to eliminate any plastic 
deformation of the underlying layers. 
The complimentary strain invariants volumetric ( volε ) and shear ( sε ) strains are 
given by the following equations (Timoshenko and Goodier 1970): 
1 2 3volε ε ε ε= + +                                                            (4.1) 
2 2 2
1 2 2 3 3 1
2 ( ) ( ) ( )
3s
ε ε ε ε ε ε ε= − + − + −                                        (4.2) 
where 1ε is the vertical strain (major principal strain), 2ε is the longitudinal strain 
(intermediate principal strain) measured parallel to the rail, and 3ε is the lateral strain 
(minor principal strain) measured perpendicular to the rail. The above expressions 
for the non-axisymmetric special case of plane strain triaxial conditions (i.e., 2 3σ σ′ ′≠  
and intermediate principal strain, 2 0ε = ) can be reduced to: 
1 3volε ε ε= +                                                            (4.3) 
( )12 23 1 3
2
3s




The results are discussed in Section 4.3 for USP and Section 5.3 (see Chapter 5) for 
UBM tests. 
4.2.2 Estimation of Ballast Degradation 
The Ballast Breakage Index (BBI) method proposed specifically for railway ballast 
by Indraratna et al. (2005) was used in this study to evaluate ballast degradation. This 
method is simple to use, and it is based on particle size distribution (PSD) before and 
after test with respect to an arbitrary boundary of maximum breakage, as shown in 
Fig. 2.13 (see in Chapter 2). Since the ballast breakage potential varies with depth 
due to changes in stress along the depth of the ballast layer, the ballast mass was 
divided into top, middle, and bottom layers and analysed separately. These layers 
correspond to ballast breakage governed by variations in stress and the type of 
interfaces: the top is the sleeper-ballast zone, the middle is the ballast-ballast-zone, 
and the bottom is the ballast-base (subballast or concrete base) zone. To better 
quantify degradation in these zones, the representative fresh ballast (Fig. 4.1a) 
directly under the sleeper was colour coded in each test, after which each layer of 
degraded ballast (Fig. 4.1b) was separated according to their colours. Subsequently, 
the PSD was carried out and plotted to evaluate their BBI. Different types of particle 
degradation such as grinding (abrasion), angular corner breakage (attrition) and 
distinct splitting across the body of particles (fracture) were observed in the degraded 
ballast, as shown in Fig. 4.1b. The BBI results are discussed in Sections 4.3.5 for 







Figure 4.1: Photographs showing colour coded ballast from the top, middle and 






4.3 Experimental Results and Discussion 
The performance of USP in the attenuation of stress-strain and degradation responses 
was carried out by eight large-scale cyclic load tests (see Table 3.5 in Chapter 3). An 
open track was simulated in the laboratory by placing a subballast layer underneath 
the ballast layer. When a track transmits a more concentrated rail seat load to 
sleepers, the sleeper-ballast interface distributes the load over a larger area. However, 
the sleeper only transmits stresses through a finite number of small discrete contacts 
at the ballast-sleeper interface (Le Pen 2008). In this study, to increase the interface 
contact area, a resilient rubber pad (USP) was used with the concrete sleeper. Visual 
observations showed that the ballast particles bedded uniformly with the concrete 
sleeper when a USP is placed on the bottom face of the sleeper. The contact area 
between the ballast and the sleeper is then increased because the resilient layer 
allows the ballast aggregates to be partially pressed (indented) at the surface of USP. 
This resulted in a more uniform distribution of pressure than without USP on the 
bottom face of the concrete sleeper.  
Fig. 4.2a shows the USP attached to the bottom of the concrete sleeper before the test 
and Fig. 4.2b shows the imprints of ballast on the pad after the test (i.e., after 
500,000 load cycles). Figs. 4.3a (without USP) and 4.3b (with USP) illustrate the 
sleeper with Surface Profiler Film (SPF) that reveals the ballast contacts via a change 













Figure 4.3: Sleeper with SPF attached showing the changes in colour intensity after 
the test (a) SPF without USP; and (b) SPF with USP 
These SPF images from selected tests were extracted from the sleeper and USP and 
then scanned using the high-resolution image scanner for analysis as presented in 
Figs. 4.4a & b for the SPFs placed under the concrete sleeper and the SPFs placed 
under the USP, respectively.  The imprints shown in the USP and the SPF images 
clearly represent the increase in contact area (which is directly associated with the 
change of colour intensity), is much greater when USP is used. The stress-strain 
response and degradation of ballast observed in these tests and a comparison with 





Figure 4.4: SPF showing changes in colour intensity (a) SPF used under the concrete 
sleeper; and (b) SPF used under the USP 
4.3.1 Vertical and Lateral Deformation with and without USP 
The vertical and lateral plastic deformation (and strain) with and without USP for 25 
and 35 t axle loads is shown in Figs. 4.5a & b, respectively. The test results indicated 
that the ballast deformed rapidly up to around 10,000 cycles due to its initial 
densification and further packing after the corners of the sharp angular aggregates 
began to break. However, once the ballast started to stabilise, the rate of deformation 
gradually decreased and then remained relatively constant after 100,000 cycles. This 
showed that the ballast aggregates undergo considerable particle rearrangement and 
densification during the initial cycles, but after reaching a threshold compression, 





Figure 4.5: Variation of vertical and lateral plastic deformation with the number of 
cycles (N) and with and without USP: (a) 25 t; and (b) 35 t axle loads 
It is evident that the ballast deformation (vertical and lateral) has decreased 
significantly by using USP. The increased contact area of ballast by the USP at the 
sleeper-ballast interface reduced the induced stresses at the interface and at the 
particle-particle contact, allowing for a more uniform distribution of stress which in 
turn decreased the overall deformation. The indentation of ballast particle on the 
rubber inclusion influences the interface friction between ballast and rubber pad 
which also contributes to the reduction of lateral deformation. For the limited loading 
frequencies (15 and 20 Hz) tested in this study, the vertical strain decreased in the 
range of 19-29% for a 25 t axle load, and about 21% for a 35 t axle load when USP 
was used with the concrete sleeper. Lateral strain decreased in the range of 9-14% for 




a new track or when wooden sleepers on an existing track are being replaced by 
concrete sleepers, attaching USPs at the bottom face of the concrete sleepers is an 
ideal technique to reduce the long-term plastic settlement of a track subjected to 
repetitive cyclic loading.  
4.3.2 Influence of Axle Loads and Train Speed on Vertical and Lateral 
Deformation (or Strain) of Ballast Stabilised with USP 
The influence of axle loads and train speeds (loading frequency) on the permanent 
vertical and lateral deformation of ballast can best be presented by comparing those 
values at the end of testing (i.e., at the end of 500,000 cycles). Figs. 4.6a & b show 
the variation of vertical and lateral strains with the train speed for the 25 and 35 t 
axle loads with and without USP. These results show that the increasing train speed 
and axle load has significantly increased the vertical and lateral strains of ballast, and 
the USP played a major role in reducing them. Note that the straight line used to 
connect two data points pertinent to two train speed is only to show the variation and 
not intended to show that the variation is linear. When the train speed increased from 
110 to 145 km/h, the resulting vertical and lateral strains increased in the order of 51-
57% and 27-33%, respectively. When axle load increased from 25 to 35 t, the 
resulting increase in vertical and lateral strains were in the order of 37-43% and 53-
60%, respectively. These comparisons show that train speed has more influence on 
vertical strain than lateral strain, because, an increasing train speed increases the 
acceleration and vibratory compaction of ballast aggregates. On the other hand, axle 
load has more influence on lateral strain than vertical strain because compacted 




the extent of lateral spreading is comparatively greater. Nevertheless, the vertical and 
lateral strains decreased markedly when USP is used under concrete sleepers. 
 
Figure 4.6: Variation of (a) vertical and (b) lateral plastic deformation (and strain) 
with train speeds and axle loads 
4.3.3 Shear and Volumetric strains with and without USP 
The volumetric ( volε ) and shear ( sε ) strains were calculated using Eqs. 4.3 & 4.4, 
and the variation of strains with the number of load cycles (N) are shown in Figs. 
4.7a & b, respectively for 25 and 35 t axle loads. In agreement with a previous study 
(Suiker et al. 2005; Indraratna and Nimbalkar 2013), during the initial few thousand 
cycles, the volumetric and shear strains increased steadily until they reached the 
‘stable zone’ shown in Figs. 4.7a & b, after which the rate of increment decreased 
markedly as the number of loading cycles increased. Based on the outcomes from 
this study, USP played an important role in reducing the volumetric and shear strain 
of ballast. In  f=15 and 20 Hz cyclic loading tests carried out in this study, the 




axle load when USP was used with a concrete sleeper. Also, the shear strain is 
decreased by 20-30% for a 25 t axle load and 21-22% for a 35 t axle load. 
 
Figure 4.7: Variation of volumetric and shear strain with the number of cycles (N) 
and with and without USP: (a) 25 t; and (b) 35 t axle loads 
4.3.4 Influence of Axle Loads and Train Speed on Volumetric and Shear Strains of 
Ballast Stabilised with USP 
Figs. 4.8a & b plot the volumetric (εvol) and shear (εs) strain at the end of 500,000 
load cycles as a function of train speed (loading frequency, f) at different axle loads 
(25 and 35 t). With the same axle load (25 or 35 t), an increasing train speed from 
110 to 145 km/h, increases the volumetric and shear strain in the order of 49-53% 




the axle load from 25 to 35 t (such as from a passenger train to a freight or coal train) 
increases the volumetric and shear strain in the order of 40-44% and 36-42%, 
respectively. This indicates that the train speed and axle load have a more profound 
effect on the volumetric and shear strain of a ballasted track. It is also evident from 
these findings that train speed exerts more influence on the volumetric and shear 
strain of ballast than the axle load.    
 
Figure 4.8: Variation of (a) volumetric and (b) shear strain with train speeds and axle 
loads 
4.3.5 Ballast Degradation with and without USP and Influence of loading 
frequency (f) and axle load on BBI 
Progressive particle degradation occurs when a repetitive cyclic load is applied to the 
ballast mass. Initially, grinding and corner breakage of angular ballast at the sleeper-
ballast and inter-particle contacts takes place, followed by complete fracture across 
the body of the particles, depending on the strength of the parent rock and the level 
of stress increment (Indraratna et al. 2005; Lackenby et al. 2007). This breakage of 




differential track settlement. The BBI computed in this current study is based on 
overall ballast breakage at the completion of the test (i.e., at the end of 500,000 load 
cycles). The BBI for each top, middle and bottom layers is presented in Figs. 4.9a & 
b for ballast tested with and without USP for 25 and 35 t axle loads, respectively.  
 
Figure 4.9: Variation of Ballast Breakage Index (BBI) with loading frequency and 
with and without USP: (a) 25 t; and (b) 35 t axle loads 
As expected, ballast breakage was greater at the top layer due to having a higher 
interface and inter-particle contact stress at the top, followed by the middle, and then 
the bottom layers. The BBI values obtained in this current study are similar to the 
sample tested from the field prior to track maintenance: BBI in the Bulli test track 
section was 0.08-0.11 (Ngo 2012) and Singleton track section was 0.06 to 0.17 for 
train speeds about 70 to 80 km/h (~10 Hz) (Indraratna et al. 2014c). The results in 
this current study indicate that ballast degradation was significantly reduced by the 
USP used under the concrete sleeper. On average, when all three layers are 
considered, USP reduced degradation by more than 50%. Considering each ballast 
layers separately, the reduction for the 25 and 35 t axle loads tested with 15 and 20 




layer, and 48-62% for the bottom layer.  The increased contact area due to USP and 
the subsequent reduction in the interface and inter-particle ballast stress is probably 
the main reason behind this substantial reduction of ballast breakage.  
For the same axle loads (25 or 35 t), increasing loading frequency from 15 to 20 Hz, 
the average BBI of all three layers increased in the order of 26-28%. For the same 
loading frequency, f (15 or 20 Hz), increasing axle loads from 25 to 35 t (such as 
from a passenger train to a freight or coal train), the average BBI increased in the 
order of 34-37%. Unlike the volumetric and shear strain, the axle load has more 
influence on ballast breakage than the loading frequency (i.e., train speed) as a 
heavier load contributes more to ballast grinding, corner breakage, and particle 
splitting. It can therefore be concluded that an increased train speed would contribute 
more to plastic strain, whereas an increased axle load would contribute more to 
ballast degradation.        
4.3.6 Variation of Ballast Stress with Depth and the influence of USP on Ballast 
Stress 
The pressure cells placed at the sleeper-ballast interface, in the middle of the ballast 
layer, and at the ballast-subballast interface were used to measure the dynamically 
induced pressure variation along the depth of the ballast layer.  Fig. 4.10 shows the 
variations in pressure with and without USP. It is evident that the dynamically 
induced stresses in the ballast increased with the axle load and train speed (loading 
frequency). When USP was placed under the concrete sleeper, there was a definite 
reduction in stress within the ballast mass because the dynamically induced stress is 





Figure 4.10: Variation in ballast pressure with depth with and without USP 
On average, the percentage reduction of stress for a 25 t axle load varied from about 
12% at the sleeper-ballast interface, 10% at the middle of the ballast layer and about 
9.5% at the ballast-subballast interface. For a 35 t axle load, the reduction in stress 
was about 10% at the sleeper-ballast interface, about 8.5% at the middle of the 
ballast layer, and about 8% at the ballast-subballast interface. This reduction in stress 
is higher in the zone near the USP-ballast interface. When a USP is used with the 
concrete sleeper, the ballast aggregates made more uniform and increased area of 
contact at the sleeper-ballast interface that leads to a reduction in ballast stress. These 
results are in line with the findings by Dahlberg (2010) and Le et al. (1999). This is 
also evident from the SPF images shown in Figs. 4.4a & b where the increase in 
contact area between the ballast and concrete sleeper occurred when a resilient pad 




4.4 Chapter Summary 
This chapter presented the results of laboratory test to evaluate the performance of 
ballast stabilised with under sleeper pads (USPs). A series of large-scale cyclic 
loading tests using the Process Simulation Prismoidal Triaxial Apparatus (PSPTA) 
were carried out with axle loads of 25 and 35 t and at varying loading frequencies of 
10 and 15 Hz. An open track simulated by placing subballast underneath the ballast 
layer and an USP attached on the bottom face of a concrete sleeper showed 
promising outcomes in the reduction of stress, vertical and lateral strain, and 
degradation of ballast. The USP makes significant increase in sleeper-ballast 
interface contacts and markedly reduces the stresses in the ballast especially at the 
top zone which leads to reduction in ballast strain (vertical and lateral) and 
degradation. Based on this study, using USPs on concrete sleepers is a favourable 
solution to reduce the stress-strain and degradation of ballast, and in a practical sense 





PERFORMANCE OF BALLAST STABILISED WITH UNDER BALLAST 
MATS (UBMS) SUBJECTED TO CYCLIC LOADING 
5.1 Introduction 
The results of large-scale laboratory experiments on ballasted track stabilised with 
Under Ballast Mats (UBMs) is described in this chapter. A track on a concrete bridge 
deck was simulated in the laboratory using the Process Simulation Prismoidal 
Triaxial Apparatus (PSPTA). This enabled the study of the performance of under 
ballast mat (UBM) placed on top of a concrete base. Two axle loads of 25 and 35 t 
with cyclic loading frequencies ranging from 10-25 Hz were used in this series of 
laboratory test. The stress-strain and degradation of ballast with and without UBM 
are presented and empirical models for the resilient modulus, the dynamic 
amplification of stress, as well as ballast breakage and energy dissipation, are 
proposed to predict the outcomes from cyclic load tests.  Details of the experimental 
results and the related discussion are also presented in the following sections. 
5.2 Static and Dynamic Stiffness of the UBMs Manufactured from Recycled 
Shredded Tyre 
The geotechnical engineering community has been working extensively on 
incorporating rubber tyres in various applications especially improving roadway or 
highway pavements and rail tracks (Tiwari et al. 2014). The UBMs used in this study 
were manufactured from recycled shredded tyres after removing the non-rubber 




high compressive and impact strength and are typically used as a protective layer on 
top of the deck of a concrete bridge built for rail tracks (Indraratna et al. 2011). The 
static and dynamic properties of this locally manufactured UBM were evaluated in 
the laboratory using the MTS high-performance servo-hydraulic testing apparatus 
(see Fig. 3.3 in Chapter 3) as per the methods stipulated in the standards DIN 45673-
5 (2010). The results of the static stiffness (Cstat) test are shown in Fig. 5.1. The 
lower frequency dynamic stiffness (Cdyn1) test was carried out on the same three 
samples at loading frequencies of 5, 10, 15, 20, 25 and 30 Hz. The stress-
displacement plots for each sample are shown in Figs. 5.2a-c and the values  Cdyn1 
determined as per the DIN 45673-5 (2010) for each sample and its variation with 
loading frequencies are shown in Fig. 5.2d. Based on the test results, the average Cstat 
from the three samples is 0.20 N/mm3, and the Cdyn1 at frequencies of 5, 10, 15, 20, 
25 and 30 Hz ranged from 0.46 to 0.59 N/mm3 for the UBM made from recycled 
shredded tyre waste.  
 






Figure 5.2: (a-c) Stress-displacement plot for UBM Sample 1, 2 & 3, respectively; 
(d) Variation of Cdyn1 with cyclic loading frequency  
5.3 Experimental Results and Discussion 
Placing rubber mats beneath the ballast layer is essential in a rail track running over 
railway bridges, through tunnels, and through elevated stations, cuts and switches to 
reduce the undue stresses on the substructure and decreasing ballast degradation. In 
this study, the performance verification of ballast stabilised with UBM was carried 
out by twelve large-scale cyclic load tests. The UBM layer placed on top of the 
concrete base enables the ballast particles to bed uniformly with the hard concrete 
surface. The increased spatial distribution of contact area captured by the SPF in the 




at the ballast-concrete base interface without and with UBM, respectively) clearly 
indicates that the coloured area which is directly proportional to the ballast contact 
area increases with the use of UBM. This resulted in a more uniform distribution of 
ballast-concrete interface stresses over a larger area, which in turn reduced the 
interface and inter-particle stresses. The reduction in inter-particle stresses also 
helped to reduce ballast strain and degradation.  The stress-strain response and 
degradation of ballast observed and a comparison with and without the use of UBM 
are discussed in the following sections. 
 
Figure 5.3: SPF showing the change in colour intensity (a) SPF used at the ballast-




5.3.1 Vertical and Lateral Deformation with and without UBM 
The accumulated vertical and lateral plastic deformation (and strain) with and 
without UBM for 25 and 35 t axle loads are shown in Figs. 5.4a & b, respectively. 
Like the test with USP, in every load, frequency, and UBM condition, the ensuing 
plastic deformation of ballast was rapid up to about 10,000 load cycles, after which 
the rate of settlement gradually decreased when the loading reached about 100,000 
cycles and remained stable with almost constant settlement, as shown in Figs. 5.4 a 
& b.  
 
Figure 5.4: Variation of vertical and lateral plastic deformation with the number of 





This rapid plastic deformation stemmed from different sized ballast aggregates 
sliding and being rearranged within the ballast mass, and also the contribution from 
the abrasion and attrition of sharp angular cornered fresh ballast (Indraratna and 
Nimbalkar 2013). During this period of rapid deformation, the ballast mass becomes 
more compacted, and the possibility of particle rearrangement slowly diminishes 
until it reaches a stable condition. Any further insignificant plastic deformation can 
be attributed to continuous particle abrasion and large sized splitting of well-confined 
particles due to repeated cyclic loading.  
These results indicate that UBM can reduce the overall plastic deformation of ballast 
when placed on top of a stiff base. This study also indicates that about 10-20% 
reduction in vertical plastic deformation and about 5-10% reduction in lateral plastic 
deformation is possible to attain. However, these reductions in plastic deformation 
are highly dependent on the thickness, stiffness, and density of the rubber mat, and 
the stiffness of the formation, e.g. soft subgrade versus stiff formation (Sol-Sanchez 
et al. 2015). In this study, relatively dense 10 mm thick (static stiffness 0.2 N/mm3) 
rubber mats were used on top of the concrete base.  In actual practice, UBMs are 
more effective when the support is stiffer, such as in tunnels and on concrete bridges 
(Müller 2008; Alves Costa et al. 2012).  Increasing the thickness of the elastic layer 
or using an elastic element to reduce stiffness beyond an optimum value can cause 
excessive plastic deformation of ballast, as well as fatigue damage to other track 
components (Hunt 2005). Therefore, the thickness, stiffness, and density of a UBM 
with respect to the stiffness of the formation are crucial in reducing the vibration and 




5.3.2 Influence of Axle Loads and Train Speed on Vertical and Lateral Strain of 
Ballast 
Laboratory tests were carried out with 25 and 35 t axle loads and loading frequencies 
ranging from 10 to 25 Hz (approximate train speed of 70 to 180 km/h). A 
comparison of the vertical and lateral strain ratio (normalised with that of a 25 t axle 
load train running at about 110 km/h) indicates that it changes with the train speed, 
as shown in Figs. 5.5a & b, respectively. The same changes with axle loads are 
presented in Figs. 5.6a & b. These plots show the amplification of strain with respect 
to a train with a 25 t axle load running at 110 km/h which is the lowest stress–strain 
and degradation developed among the combination of load and frequency tested. 
Note that the straight line used to connect two data points pertinent to two axle loads 
in Figs. 5.6a & b are only to show the variation and not intended to show that the 
variation is linear. The results in Figs. 5.5a & b and 5.6a & b show that an increasing 
train speed and axle load has a significant influence on the vertical and lateral strain 
of ballast. These comparisons clearly indicate that a train with heavier axle load (i.e., 
35 t) may reach the same level of vertical and lateral strain as a train of smaller axle 
load (i.e., 25 t), but moving at a lower speed. For example, a train with an axle load 
of 25 t running at 145 km/h creates the same level of vertical strain of ballast that of 
a train with a 35 t axle load running at 115 km/h. Based on the limited loading 
frequency tested in this study, the vertical deformation increased about 45% and the 
lateral deformation increased about 48-62% when the axle load increased from 25 to 
35 t (Figs. 5.5a & b). The values of percentage increments of vertical and lateral 
strain with the train speed for 25 and 35 t axle loads are depicted in the plots shown 





Figure 5.5: Variation of (a) Vertical and (b) Lateral strain ratio with train speed 
 
Figure 5.6: Variation of (a) Vertical and (b) Lateral strain ratio with axle load 
5.3.3 Shear and Volumetric strains with and without UBM 
With 25 and 35 t axle loads, the variations of volε  and sε  were calculated using Eqs. 
4.3 & 4.4, and the variation of strain with the number of cycles (N) is shown in Figs. 
5.7a & b, respectively. Results show that the ballast tended to experience significant 




strains occurred up to around 10,000 cycles while the rate of strain slowly decreased 
until about 100,000 cycles, and then stabilised.  Based on these results, there is about 
8-20% reduction in the volumetric strain and 8-22% reduction in shear strains for a 
25 t axle load, and about 9-15% reduction in volumetric strain and 8-16% reduction 
in shear strain for a 35 t axle load when UBM is used to stabilise a stiff track 
foundation.        
 
Figure 5.7: Variation of volumetric and shear strain with the number of cycles (N), 





5.3.4 Influence of Axle Loads and Train Speed on Volumetric and Shear Strain of 
Ballast  
The changes in the volumetric and shear strain ratio (normalised with a 25 t axle load 
train running at 110 km/h) with the train speed, are presented in Figs. 5.8a & b, 
respectively. The same changes that with the axle loads are presented in Figs. 5.9a & 
b. Note that the straight line used to connect two data points pertinent to two axle 
loads in Figs. 5.9a & b are only to show the variation and not intended to show that 
the variation is linear. It is evident from the results that an increasing axle load and 
train speed has a significant influence on the volumetric and shear strain of ballast. 
The strain ratio shown in Figs. 5.8a & b and 5.9a & b clearly indicate that a train 
with higher axle loads (i.e., 35 t) may reach the same level of volumetric and shear 
strain as a train with smaller axle loads (i.e., 25 t) but running at a lower speed. For 
example, a train with an axle load of 25 t running at 160 km/h creates the same 
amount of volumetric strain that of a train with a 35 t axle load running at 128 km/h. 
Based on the limited loading frequency tested in this study, the results (Figs. 5.8a & 
b) show that the volumetric strain increases in the range of 45-47%, and the shear 
strain increases by 45% when the axle load is increased from 25 to 35 t. The 
percentage increments of the volumetric and shear strain when the train speed 





Figure 5.8: Variation of (a) volumetric and (b) shear strain ratio with train speed 
 








5.3.5 Ballast Degradation with and without UBM 
The quantified values of ballast degradation (BBI) are presented in Figs. 5.10a & b 
for 25 and 35 t axle loads, respectively with varying loading frequencies (10 to 25 
Hz) for ballast with and without UBM placed on top of the hard concrete base. As 
expected, ballast degradation was highest at the top layer, while it decreased in the 
middle layer, and decreased further at the bottom as the induced cyclic stress 
decreased with depth.  There was a significant increase in ballast breakage when the 
load and frequency of cyclic loading increased, which agrees with other researchers 
who tested ballast using the more traditional (cylindrical) triaxial apparatus 
(Indraratna et al. 2005; Lackenby et al. 2007; Sun et al. 2016).  
 
Figure 5.10: Variation of Ballast Breakage Index (BBI) with loading frequency, and 





Figs. 5.10a & b show that ballast degradation decreased significantly when a UBM 
was placed on top of the hard concrete base. When all three layers are considered, an 
average 35-45% reduction of breakage is evident from the current study. When 
individual layers are considered, there is about 50-60% reduction of BBI at the 
bottom layer compared to 20-25% and 30-50% at the top and the middle layers, 
respectively. This clearly demonstrates how UBMs on a concrete base (or stiff 
subgrade such as bedrock) help to reduce ballast breakage. The BBI values evaluated 
from a field study by Indraratna et al. (2014c) over a concrete bridge deck where a 
UBM was placed underneath the ballast layer corroborates well with the current 
study, as shown in Fig. 5.10a.   
5.3.6 Influence of Axle Loads and Train Speed on Ballast Breakage  
Among the laboratory tests carried out with varying axle loads and frequencies, the 
25 t axle load with 15 Hz frequency (train speed 110 km/h) experienced relatively 
lower ballast breakage at the top, middle and bottom layer. In that reason, the BBI of 
other combinations of axle load and train speed were normalised with that obtained 
by a train with a 25 t axle travelling at 110 km/hr. The BBI ratio at the top, middle 
and bottom layers, with train speeds for the 25 and 35 t axle loads, are shown in Fig. 
5.11. The results clearly indicate that an increasing axle load and train speed 
significantly increase ballast breakage in all three layers, and trains with a higher 
axle load damage the ballast more than trains with a smaller axle load even at a lower 
speed. It is interesting to note that there is more ballast breakage in the bottom layer 
than the other two layers when the train speed is increased. This is because the 
induced stresses become more intense and extend deeper into the ballast when the 





Figure 5.11: Changes in BBI ratio with train speed 
5.3.7 Damping Ratio (D) and Strain Energy Dissipation (Ed)    
Viscoelastic materials such as ballast exhibit hysteresis behaviour under cyclic 
loading and unloading which dissipates the mechanical strain energy. This stored and 
dissipated strain energy is related to the mechanical damping of viscoelastic 
materials. In this study, the cyclic stress-strain curves developed from the 
experimental results were used to determine the damping ratio (D) and the strain 
energy dissipation (Ed) of ballast mass with and without a UBM placed on top of the 
concrete base. An example of a typical stress-strain curve obtained from testing is 
shown in Fig. 5.12a. This plot corresponds to the last 30 hysteresis loops at each 
selected load cycle, N shown in the plot. The dissipation of energy is proportional to 




load-unload cycle, while the damping ratio is proportional to the ratio of energy 
dissipated and stored during the loading-unloading cycle (Sitharam and Vinod 2010). 
A schematic representation of a single hysteresis loop is shown in Fig. 5.12b.  
 
Figure 5.12: (a) Typical stress-strain hysteresis loop from repeated cyclic load test; 




The values of D and Ed from the hysteresis loop are calculated as explained in 






=                                                  (5.1) 
d LE A=                                                     (5.2) 
where AL is the area of the hysteresis loop and AS is the area of the hatched right 
angle triangle shown in Fig. 5.12b.  
A MATLAB code was created (see Appendix A) to calculate the area within the 
hysteresis loop from the high-frequency transient stress-strain data collected at the 
selected N values. The average values of the last 5 hysteresis loops at each selected 
cycle were used to compute the D and Ed. Figs. 5.13a & b and 5.14a & b show the 
variation of D and Ed with N for 25 and 35 t axle loads, respectively. These results 
indicate that a UBM increases the damping property of the substructure and leads to 
an increased dissipation of strain energy. Initially, both D and Ed are high and 
decrease with N due to the high dissipation of energy from plastic sliding and 
breakage; these values then remain almost constant as the ballast mass densifies and 
stabilises after about 10,000 cycles.  The input energy increases as the load and 
frequency increase (i.e., fast and heavy haul trains). Figs. 5.14a & b show an increase 
in energy dissipation as the load and frequency are increased due to increased input 
energy. These findings are also in line with the results from Sol-Sanchez et al. 
(2014). The subsequent dissipation of energy occurs by particle sliding and breakage 






Figure 5.13: Variation of damping ratio (D) with the number of cycles (N): (a) 25 t; 
and (b) 35 t axle loads 
 
Figure 5.14: Variation in the dissipation of strain energy (Ed) with the number of 





5.3.8 Resilient Modulus (MR) of Ballast 
The resilient modulus (MR) is one of the main parameters crucial to the analysis and 
design of track foundations subjected to repeated cyclic wheel loads (Li et al. 2015). 
MR is defined as: 





=                                                    (5.3) 
where cycσ is the cyclic deviator stress and rε is the resilient (recoverable) strain 
during cyclic triaxial unloading (Indraratna et al. 2009; Sun et al. 2016). The high-
frequency transient stress-strain data collected at the selected N values were used to 
calculate MR of ballast; the results are shown in Figs. 5.15a & b for 25 and 35 t axle 
loads, respectively. As expected, and as reported by other researchers (Lackenby et 
al. 2007; Indraratna et al. 2009), the MR of ballast increased with N at least up to 
200,000 load cycles and then slowly stabilised after successive cycles. This increase 
in MR is attributed partly to the cyclic densification of ballast due to an increase of 
volε with N. As volε increases with N (Figs. 5.7a & b), this reduces the void ratio 
which in turn increases the ballast stiffness and the progression of MR with N.  
It is also evident from Figs. 5.15a & b, that an increasing load (25 to 35 t) and 
frequency (from 10 to 25 Hz) causes the ballast particles to become more densely 
compacted due to an increase of cycσ  which leads to an increased MR; this also 
agrees with earlier studies by Lackenby et al. (2007) and Sun et al. (2016). This 
increase in frequency (f) also allows smaller particles to move into the voids of larger 
particles, which results in further densification of ballast (i.e., vibratory compaction) 




2016).  This study also confirms from the plots in Figs. 5.15a & b that UBM placed 
on top of a concrete base improve the resilient modulus of ballast because part of the 
elastic strain is now taken by the UBM placed at the ballast-concrete base interface. 
Overall, by considering the different load and frequency tests carried out in this 
current study, the stable MR values of ballast improved in the order of 10 to 15% by 
using a UBM.  
 
Figure 5.15: Variation of resilient modulus of ballast (MR) with the number of cycles 
(N): (a) 25 t; and (b) 35 t axle loads 
5.3.9 Resilient Modulus (MR) Model 
Many researchers (Hicks and Monismith 1971; Uzan 1985; Uzan et al. 1992; 
NCHRP 2004) have proposed predictive models to capture the resilient behaviour of 
unbound materials by considering effects of stress dependency and the non-linearity 
of granular materials such as ballast. In this study a well-known resilient modulus 
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                                     (5.4) 
where k1, k2 and k3 are empirical model parameters, patm is the atmospheric pressure 
(patm = 101.3 kPa), θ is the bulk stress of the ballast defined by: 
1 2 3θ σ σ σ= + +                                                (5.5) 
where σ1, σ2 and σ3 are major, intermediate and minor principal stresses, 
respectively. 
τoct is the octahedral shear stress of ballast defined by: 
2 2 2
1 2 2 3 3 1
1 ( ) ( ) ( )
3oct
τ σ σ σ σ σ σ= − + − + −                       (5.6) 
The ultimate MR was calculated at each load and frequency after a large number of 
load cycles (see Fig. 5.15a & b).  This ultimate value of MR found to be relatively 
constant when ballast attains a constant void ratio at the higher number of load cycles 
and it is independent of the rest periods between cycles (Indraratna et al. 2009). A 
regression analysis was carried out using MATLAB to get a best fit predictive model 
for ultimate resilient modulus obtained from the laboratory data (regression 
coefficient R2>0.93). Fig. 5.16 shows the 3-dimensional (3-D) surfaces of the 
predicted resilient modulus (MR in MPa) with and without UBM, back-calculated 
from the empirical model shown in Eq. (5.4), and also the corresponding laboratory 
data at varying axle loads and train speeds. The empirical model predictions are well 
in agreement with the experimental data obtained for ballast tested with and without 




MR with and without UBM placed on top of concrete base at different axle loads 
(passenger and freight or coal train), and at different train speeds. 
 
Figure 5.16: 3-dimentional (3-D) surface of the resilient modulus empirical model 
adapted from NCHRP (2004) 
5.3.10 Ballast Stress Variation with Depth and the influence of UBM on Ballast 
Stress 
The pressure at the sleeper-ballast interface and variations in pressure along the 
depth of the ballast depends mainly on the stiffness of the ballast and underlying 
formation, the type and spacing of sleepers, and the train speed and axle loads 
(Esveld 2001; Yang et al. 2009). In this study, the pressure cells placed at the 




base interface were used to measure the dynamically induced pressure variation 
along the depth of the ballast mass.  Figs. 5.17a & b show the variations in pressure 
for 25 and 35 t axle loads, respectively. It is observed that the dynamically induced 
stresses in the ballast increase with the axle load and train speed (loading frequency). 
These results compare well with the limited field data obtained for a train with a 25 t 
axle load travelling at a speed of 73km/h (10 Hz) by Nimbalkar and Indraratna 
(2016), and for experimental data obtained for a 20 Hz test conducted by Sun et al. 
(2016), as shown in Fig. 5.17a. 
 
Figure 5.17: Variation in ballast pressure with depth with and without UBM: (a) 25 t 




The in-situ measurements by Kempfert and Hu (1999) and Nimbalkar and Indraratna 
(2016) also confirmed that the vertical stresses increased as the axle load and train 
speed increased. When UBM was placed on top of a concrete base there was a 
notable reduction in stress within the ballast mass and this agrees with the findings 
by Le et al. (1999). The amplification of stress due to a stiff base is now curtailed by 
the softer interface introduced by the UBM between the ballast and concrete. On 
average, the percentage reduction of stress varied from about 1.4% at the sleeper-
ballast interface to 20% at the ballast-concrete base interface, and about 10% at the 
middle of ballast layer for a 25 t axle load. For a 35 t axle load, the reduction in stress 
was about 1.2% at the sleeper-ballast interface, about 10% at the ballast-concrete 
base interface, and about 6.5% at the middle of the ballast layer. This reduction in 
stress at the sleeper-ballast interface is not significant for ballast stabilised with UBM 
beneath the ballast layer. To reduce stress at the sleeper-ballast interface, a rubber 
pad attached to the bottom of the sleeper (USP) is a better option, as evident from the 
current study with the USP results (see Fig. 4.10 in Chapter 4) also agreed with 
results from Abadi et al. (2015). When a UBM layer is used, ballast aggregates 
bedded better at the ballast-concrete base interface and this increased the contact area 
between the ballast and the concrete base. This is also evident from the results 
obtained from the surface profiler film (SPF) shown in Figs. 5.3a & b, with and 
without UBM.  This resulting reduction in stress concentration allows the cyclic 
induced stress to be distributed over a wider area beneath the sleeper, and a more 
uniformly distributed stress helps to reduce particle degradation.  
A three-dimensional (3-D) representation of ballast pressure at the three interfaces: 




base) that varies with the axle load and train speed is shown in Fig. 5.18a (without 
UBM) and Fig. 5.18b (with UBM).  
 
Figure 5.18: 3-D representation of ballast pressure variation at three different 




The coloured 3-D pressure map clearly indicates the changes of ballast pressure with 
depth and the increase in ballast pressure when the axle load and train speed are 
increased. As expected, this plot also shows that for a limiting pressure at any 
interfaces, the higher axle load trains (i.e., coal/freight trains) must travel slower than 
trains with lower axle loads (i.e., passenger trains) to minimise the induced stresses. 
UBM plays a significant role in reducing the ballast and interface pressure and this 
could be an economical solution than increasing the thickness of ballast layer or 
places where a track with limiting ballast thickness, especially for tracks run over 
stiff sections such as bridge decks and rock tunnels.  
5.3.11 Dynamic Amplification Factor (DAF) 
The effect of train speed on substructure stresses is highly complex in nature due to 
the dynamic interaction between the vehicle, the track, and the substructure. In 
conventional railway engineering practice, the dynamic amplification factor (DAF) is 
used to obtain equivalent dynamic stresses, where DAF is the function of the static 
wheel load and train speed (Li and Selig 1998b; Esveld 2001). The train speed (V) 
can be expressed as a function of the loading frequency (f) using the expression 
V f λ= , where λ is the characteristic length measured by the distance between two 
rear axles of a leading wagon and two front axles of a trailing wagon which induce 
maximum frequency as explained in Section 3.4.4 (in Chapter 3). Therefore, a cyclic 
loading frequency of 10-25 Hz represents a train speed of 73-182 km/h for an axle 
distance (λ) of 2.02 m (typical heavy haul multiple axle freight wagons in the State 





The variation of DAF within the ballast layer with varying frequency and axle load 
was evaluated from the ballast pressure data acquired in this present study. DAF is 
calculated using , ,v cyc v staDAF σ σ′ ′=  where ,v cycσ ′  is the measured dynamic stress and  
,v staσ ′  is the maximum static stress when the load is stationary. As discussed in 
Section 3.4.4, ,v staσ ′  (the applied maximum pressure at the sleeper-ballast interface) is 
calculated as 230 kPa and 320 kPa, which correspond to 25 and 35 t axle loads, 
respectively. The variation of DAF with train speed calculated within the ballast 
mass, based on this method, is illustrated in Fig. 5.19. A reduction of DAF with 
depth from the base of the sleeper can be seen in the plot and as explained 
previously, the UBM reduces ballast stress, particularly in the middle and bottom 
layers when it is placed on top of the concrete base.  
 
 
Figure 5.19: Variation of DAF within the ballast mass for varying train speeds and 




A three-dimensional representation of DAF at the three interfaces, varying with axle 
load and train speed, is shown in Fig. 5.20. The Figure shows the DAF attenuates 
along the depth of ballast layer from the top layer and is amplified as the axle load 
and train speed increase. It is evident from Fig. 5.20 that a UBM placed on top of the 
concrete base significantly reduces this amplification of stresses at the middle and 
bottom layer, which contribute markedly to the reduction of ballast breakage.  
 
Figure 5.20: 3-D representation of DAF at three different interfaces with train speed, 
and axle load with and without UBM 
5.3.12 Dynamic Amplification Factor (DAF) and Train Speed (V) Model 
Fig. 5.21 illustrates the DAF calculated at the sleeper-ballast interface for 25 and 35 t 
axle loads with varying frequencies (train speed, V km/h), together with the 
predictions made from other studies (Li and Selig 1998b; Esveld 2001; Nimbalkar 
and Indraratna 2016; Sun et al. 2016). Fig. 5.21 shows that conventional methods 




the laboratory. As noted by Esveld (2001), conventional formulae provide a rough 
approximation (usually overestimated) to reality, as they ignore some of the 
geometric boundaries of the track (e.g. side slopes), and also some of the mechanical 
characteristics of the track and vehicles are not sufficiently taken into account for the 
purpose of simplicity. However, the extrapolated field data curve obtained by 
Nimbalkar and Indraratna (2016), as well as the traditional cylindrical triaxial data by 
Sun et al. (2016) match closely with the current laboratory data from the PSPTA. In 
view of the above, a non-linear best-fit equation can be expressed as:     
  VDAF eβα=                                                (5.7) 
 
whereα and β are empirical parameters, depending on the stiffness of the track 
substructure and axle load. The parameters calculated for a relatively stiff track (i.e., 
the concrete base at the bottom of PSPTA) for 25 and 35 t axle loads for a range of 
train speeds (70-180 km/h) tested are shown in Fig. 5.21 with the best-fit non-linear 
regression coefficient,  R2>0.99. When a train runs faster, the dynamic stress 
generated at the sleeper-ballast interface is much higher than the static loading. This 
increase in DAF is characteristic of the inherent dynamic response of granular 
materials that densify during cyclic loading (Sun et al. 2016), and the stiffness of the 
substructure. Amplification is more pronounced for stiff tracks such as tracks on 









Figure 5.21: Variation of dynamic amplification factor (DAF) with train speed (V) 
5.3.13 Influence of Damping Ratio (D), Deviator Stress (qd) and Resilient Modulus 
(MR) on BBI  
The behaviour of granular media under relatively high stresses and corresponding 
degradation has been reported in classical studies by Marsal (1967) and Vesic and 
Clough (1968). The BBI is influenced by the change of load and frequency (change 
in deviator stress, qd). Particle breakage also has a profound influence on the resilient 
modulus (MR) of granular materials (Indraratna et al. 2009). Due to its damping 
nature, rubber mats are more efficient in decreasing the rapid deterioration of ballast 
aggregates in contact with a rigid substructure (Sol-Sanchez et al. 2015). In view of 
this, and based on the current results, an empirical relationship between BBI, qd, and 












                                             (5.8) 
where m and n are empirical parameters related to the damping property (D) of the 
granular assembly, i.e. 21
km k D=  and 3n k D= , and where k1, k2 and k3 are 
regression model parameters (see inserted table in Fig. 5.22 for R2>0.96). The BBI 
values predicted by this empirical model, with and without a UBM are in excellent 
agreement with those calculated from the test results, as shown in Fig. 5.22. MR and 
BBI vary with the number of load cycles (Thakur 2011), however, BBI predicted 
from the current study is limited to 500,000 load cycles, which is assumed to be large 
enough to attain a stable value of MR. 
 




5.3.14 Energy Dissipation Behavior 
Granular particles such as ballast consist of a large number of clearly distinguishable 
particles in which adjacent particles contact each other and form skeletons to support 
its self-weight and external forces. When the external forces increase beyond a 
limiting value, the particles begin to lose contact or make new contacts which creates 
various forms of energy transformation including elastic strain energy and kinetic 
energy, while a part of which dissipates due to particle sliding and breakage (Bolton 
et al. 2008; Bi et al. 2011; Liu et al. 2014).  
Quantifying energy dissipation due to particle breakage and rearrangement is a 
daunting task due to the complex linkage between micro- and macro-mechanical 
responses (Wang and Yan 2012), and further modelling difficulties introduced by 
different mechanisms of particle breakage (Liu et al. 2014). An empirical expression 
is developed in this study to quantify the total energy dissipation (ED) per unit 
volume of ballast by adding the corresponding dissipation terms attributed to plastic 
sliding (ES) and particle breakage (EB).  
= +D S BE E E                                               (5.9) 
The first term ES is frictional sliding, which is closely linked to the applied deviator 
stress (qd) and the total shear strain (εs), where a larger amount of energy is 
consumed to overcome the shear resistance of inter-particle friction (Liu et al. 2014). 
The second term EB can be related to the evolution of particle breakage BBI 





( )ε=S d sE a q                                               (5.10) 
( )κ= × cBE b BBI                                           (5.11) 
where a, b,  and c are empirical model parameters, and κ is the axle load factor 
normalised to the minimum axle load (Lm), which for Australian standard heavy 
haul, Lm=20 t (i.e. /a mL Lκ = , La is axle load simulated in this study). The 
empirical parameters a and c are dimensionless while b takes the units of energy. As 
per Eq. (5.11), for a standard 20 t axle load (i.e. 1κ = ),  b=1 MJ/m3 for complete 
breakage (i.e. BBI=1). This energy dissipation model is corroborated to 500,000 
loading cycles, which is about 1 year of service for standard heavy haul in the State 
of New South Wales (NSW) with an annual traffic tonnage of 50 MGT (Indraratna et 
al. 2011).  
The non-linear regression predicts the dissipation of energy quite well with the 
calculated model parameters shown in Fig. 5.23 (R2 >0.98). While the field data is 
very limited to support the above relationship between actual (EDa) and predicted 
(EDp),  the Singleton field trial (Nimbalkar and Indraratna 2016) from the State of 
NSW (as marked in Fig. 5.23), where UBM was placed on top of the concrete bridge 
deck provided very good agreement for heavy haul traffic (50 MGT) over 500,000 
cycles at an average train speed of 70-80 km/h (approximately equivalent to 10 Hz in  








Figure 5.23: Predicted and actual values of energy dissipation (ED) 
5.4 Chapter Summary 
This chapter presented the results of laboratory test to evaluate the performance of 
ballast stabilised with under ballast mats (UBMs). A series of large-scale cyclic 
loading tests using Process Simulation Prismoidal Triaxial Apparatus (PSPTA) were 
carried out with axle loads of 25 and 35 t and varying loading frequencies of 10-25 
Hz. Track on a concrete bridge simulated in the laboratory and by placing an UBM 
on top of a concrete base showed promising outcomes in the reduction of vertical and 
lateral strain and stress, as well as the degradation of ballast. The UBM worked very 
well at reducing ballast strain and degradation. Unlike USP where stresses were 
reduced at the top ballast zone, the reductions in stresses were higher at the bottom 




The empirical models developed for the resilient modulus, dynamic amplification of 
stress, ballast breakage, and energy dissipation are in good agreement with laboratory 
data, and limited field and laboratory data obtained from other research studies. 
Based on this laboratory results, using UBM on top of a hard base such as concrete 
bridges, tunnels, and rocky subgrade offers an affirmative solution for reducing the 
stress-strain and degradation of ballast, and in a practical sense, minimising the track 





SUBSTRUCTURE STIFFNESS VARIATION AND INTERFACE EFFECTS 
ON BALLAST STRESS-STRAIN AND DEGRADATION RESPONSES 
6.1 Effects of Substructure Stiffness on the Stress-Strain and Degradation 
Response 
The overall vertical stiffness of a track substructure has a significant effect on the 
variations in the stress-strain, degradation, and energy absorbing aspects of a 
ballasted track (Li and Selig 1998a; Dahlberg 2010; Banimahd et al. 2013). When 
optimising the substructure design for low maintenance, rail research confirms that, 
in one hand, the significance of having a stiffer subgrade, and on the other hand, the 
importance of reducing the stiffness as much as possible by means of rail pads or 
other soft geo-inclusions at the ballast interfaces (Teixeira et al. 2006). When the 
track stiffness is relatively low, that leads to excessive rail displacement and bending, 
but they tend to distribute the wheel loads to the sleepers more uniformly and reduce 
the vehicle-track dynamic interaction stresses (Berggren 2009). If the track stiffness 
is relatively high, it provides sufficient resistance to wheel loads and limits track 
deflection which minimises the track deterioration (Li and Berggren 2010).  
However, tracks that are too stiff can cause the dynamic stresses to amplify at the 
wheel, rail, sleeper and ballast interfaces and cause excessive ballast degradation. 
In a long railway network, the conditions between these extreme variations in 
stiffness are anticipated and this should be avoided as much as possible. Transition 
areas such as track bridge-embankments approach, turnouts and switches are among 




2010). Problems associated with variations in the substructure stiffness along the 
track and bridge transitions are well recognised and have been the focus of 
significant research into rail infrastructure (Briaud et al. 1997; Tutumluer et al. 
2012b). In this current study, cyclic loading tests were carried out by simulating two 
different types of track stiffness: (i) relatively low stiffness (open track) with a layer 
of subballast placed beneath the ballast layer, and (ii) stiff track with a concrete base 
beneath the ballast layer. The stress-strain and degradation response of these two 
types of tracks and the influence of substructure stiffness on induced dynamic 
stresses at various interfaces are discussed in the following section.   
6.1.1 Variation of Vertical and Lateral Deformation of Ballast for Subballast and 
Concrete bases   
More than 50% of total track settlement is contributed by the ballast layer compared 
to other layers beneath ballast such as subballast and subgrade (Selig and Waters 
1994). In this study, the vertical (Svp) and lateral (Shp) deformation of the ballast 
layer (alone) were determined by eliminating the plastic deformation of any other 
layer (i.e., the subballast layer), and compared to the two different types of bases.  
The variation of Svp with the number of loading cycles (N) is shown in Figs. 6.1a & b 
for 25 and 35 t axle loads, respectively, and the same for Shp is shown in Figs. 6.2a & 
b. Other than the type of base used beneath the ballast layer, all the other load and 
boundary conditions were the same in each set of tests. The findings clearly show 
that the plastic deformation of ballast increases when the subsurface stiffness is 
relatively low. This agrees with other research studies by Banimahd et al. (2013); 
Ngo et al. (2016); and Le Pen et al. (2016), as well as with the field data from 




out at 15 and 20 Hz cyclic loading frequency, vertical plastic deformation increased 
in the order of 12-14% for a 25 t axle load and 7-11% for a 35 t axle load when the 
type of base changed from concrete to subballast; and lateral plastic deformation 
increased by 11% for a 25 t axle load and about 10% for a 35 t axle load. These 
comparisons of final vertical and lateral (Svp and Shp) plastic deformation (and strain, 
ε1 and ε3) at the end of 500,000 load cycles (N) with the train speeds are illustrated 
in Figs. 6.3a & b, respectively. Note that the straight line used to connect two data 
points pertinent to two train speeds in Figs. 6.3a & b are only to show the variation 
and not intended to show that the variation is linear.      
 
Figure 6.1: Variation of vertical plastic deformation (and strain) with the number of 





Figure 6.2: Variation of lateral plastic deformation (and strain) with the number of 
cycles (N) for subballast and concrete base: (a) 25 t; and (b) 35 t axle loads   
 
Figure 6.3: Variation of (a) vertical; and (b) lateral plastic deformation (and strain) 




6.1.2 Variation of Volumetric and Shear Strain of Ballast for Subballast and 
Concrete bases   
As Svp and Shp of ballast increase with the stiffness of the base from concrete to 
subballast, a resultant increase in the volumetric (εvol) and shear (εs) strain calculated 
from Eq. 4.3 & 4.4 (see Chapter 4) are plotted as shown in Figs. 6.4a & b and 6.5a & 
b, respectively for 25 and 35 t axle loads.  
 
Figure 6.4: Variation of volumetric strain with the number of cycles (N) for 






Figure 6.5: Variation of shear strain with the number of cycles (N) for subballast and 
concrete base: (a) 25 t; and (b) 35 t axle loads 
By comparing the final εvol and εs  at N=500,000 cycles tested at 15 and 20 Hz 
loading frequency, the εvol increased by about 12-13% for a 25 t axle load and 8-11% 
for a 35 t axle load when the base type is changed from concrete to subballast.  The 
magnitude of εs increased by about 12-14% for a 25 t axle load and 7-11% for a 35 t 
axle load. These final εvol and εs at N=500,000 cycles in relation to the train speeds 
are illustrated in Figs. 6.6a & b, respectively. Note that the straight line used to 
connect two data points pertinent to two train speeds in Figs. 6.6a & b are only to 





Figure 6.6: Variation of (a) volumetric; and (b) shear strain with train speed for 
subballast and concrete base 
6.1.3 Variation of Ballast Degradation for Subballast and Concrete bases   
The extent of ballast breakage for the two distinct types of track was analysed with 
the BBI method proposed by Indraratna et al. (2005). Figs. 6.7a & b show the results 
of BBI estimated for 25 and 35 t axle loads, respectively for subballast and concrete 
bases. As expected and explained previously in Chapter 4, there is more ballast 
breakage observed for higher loading and frequencies, regardless of whether the base 
condition was subballast or concrete base. However, the extent of particle breakage 
is more pronounced for a stiffer track (i.e., with a concrete base) compared to the 
relatively softer base (i.e., the subballast base). These results are consistent with the 
numerical study by Ngo et al. (2016) and field measurements by Nimbalkar and 
Indraratna (2016). Unlike plastic deformation, ballast degradation increases with 
track stiffness partly due to more intensive dynamic stresses in the ballast layer for a 
stiffer track and indicating less tendency towards dissipating the strain energy due to 




all three layers (top, middle and bottom), the average BBI of the concrete base 
increased by about 41% and 34% compared to the subballast base when the train 
speed is at 110 km/h and 145 km/h (loading frequency 15 and 20 Hz), respectively. 
Similarly, when the axle load is at 25 and 35 t, the resultant BBI of concrete base 
increased by about 30% and 45% compared to the subballast base. 
 




6.1.4 Ballast Stress Distribution and Dynamic Amplification Factor (DAF) for 
Subballast and Concrete bases   
The variation of dynamic induced stress with depth based on the measurements taken 
at the top (ballast-sleeper interface), middle (ballast-ballast interface) and bottom 
(ballast-subballast/ concrete base interface) of the ballast layers are presented in Fig. 
6.8. Irrespective of the base condition, one can perceive a clear increase in ballast 
stresses when the axle load and train speed (loading frequency) increase, but the type 
of base has a significant influence on the ballast stresses, as is clearly evident from 
this study. The results show that ballast stress increases as the base stiffness increases 
(i.e., from subballast to concrete base). These results are also consistent with some 
earlier studies (e.g. Li and Berggren 2010; Nimbalkar and Indraratna 2016). The field 
stress measurement for an instrumented track in Singleton, NSW (Nimbalkar and 
Indraratna 2016) for 25 t axle load trains running at 70 km/h on a track built on soft 
alluvial deposits and hard rock are closely matched in relation to the stresses 
measured in the current study (Fig. 6.8). 
DAF calculated at the three interfaces at the top (ballast-sleeper interface), middle 
(ballast-ballast interface) and bottom (ballast-subballast/ concrete base interface) 
layers are shown in Fig. 6.9 for subballast, and in Fig. 6.10 for a concrete base. These 
plots clearly indicate that the effect of dynamic amplification of stress is more 
pronounced not only with the axle load and train speed but also with the change of 






Figure 6.8: Variation of vertical ballast pressure with depth for subballast and 
concrete base  
 
 





Figure 6.10: Variation of DAF with axle load and train speed for concrete base  
6.2 Interface Contact Area and the Influence of Rubber Mats at the Interface 
The contact that ballast aggregates have with hard interfaces such as under a concrete 
sleeper or on top of the concrete bridge deck is limited by their highly angular nature.  
One of the main reasons for using rubber mats at these interfaces is to increase the 
interface contact areas and thereby reduce the stresses induced by a moving train in 
order to reduce ballast breakage and attrition. Therefore, in practice, track longevity 
can be increased with lower annual maintenance costs.  
There are no standard methods available to determine the contact area between the 
ballast and concrete interfaces (Bolmsvik 2005). An attempt was made in this current 
study to assess the change of contact area between the ballast and other interfaces 
using the Surface Profiler Film (SPF). The characteristics of SPF and the laboratory 




out to determine the relative contact area using the SPF images. These were placed at 
various interfaces during cyclic load testing as discussed in the following sections. 
6.2.1 Method of Analysing SPF Image 
The SPF extracted from the interfaces after the tests were cleaned to remove any dust 
on the surface and then processed through a high-resolution image scanner to make 
high-quality electronic image files in colour. These images contain a range of 
magenta colour shades which represent the ballast to interface contacts, and white 
colour that represents voids at the interface where no contact is made at the interface 
(see SPF images presented in Chapter 4). The contact area was calculated based on 
the percentage of average magenta shaded pixels in the image with respect to the 
total pixels of the SPF image. 
A pixel in a coloured image is a combination of three primary colours Red, Green 
and Blue (RGB). Mixing two or three primary colours with varying degrees of 
intensity can create a wide range of other colours. These colours can be converted 
into numeric values for the purpose of mathematical image analysis. For an 8-bit 
colour image, each of the three primary colours gives 256 (i.e. 28) shades of red, 
green, and blue for a total of 16,777,216 (i.e. 2563) possible colour values. It shows 
that the colour images carry a lot of information, and therefore increase the 
complexity of image analysis and interpretation. In terms of mathematical simplicity, 
it is much easier to deal with a single colour channel rather than multiple RGB colour 
channels. Thus, grey scale images which only contain a single channel with 256 
shades of black and white (0 to 255 grey values, 0 is black and 255 is white) are 




processing. Since the SPF used in this current study only contains shades of magenta 
and white, converting the colour image to greyscale will not lose any significant 
details in the grey scale image. A sample of a colour SPF image (used at the ballast-
concrete base interface) and that of the greyscale conversion are presented in Figs. 
6.11a & b, respectively.  
 
Figure 6.11: (a) Colour SPF image (original); and (b) Grey scale image (converted)  
In order to compute the number of grey pixels in the converted image, a Java Image 
processing software ImageJ (Rasband 2016) was used in this study. A histogram of 
the distribution of grey values in the converted image was obtained from the ImageJ 
analysis which provides the total number of pixels and the number of pixels found in 
each different grey values, as well as the mean and standard deviation of grey shades 
of the image. In this analysis, grey values which are higher than the mean value are 
considered as the ballast at the interface made complete contact. The number of 
pixels which contain grey values higher than the mean value with respect to the total 
number of pixels in the image is represented by the percentage of contact area at the 




6.2.2 Influence of USP on Ballast-Concrete Sleeper Contact Area 
The SPF images presented in Section 4.4 (see Chapter 4) showed that USP increased 
the ballast-concrete sleeper contact area considerably. Here, the percentage of 
contact area at the ballast-concrete sleeper interface is calculated based on the 
ImageJ histogram analysis and is presented in Table 6.1 with and without USP 
attached to the base of the sleeper. Of the four SPF images tested, the ballast-sleeper 
contact without USP ranged from 13-22% with an average of 16.7%. Two SPF sets 
tested at the same interface when USP is present show that the contact area had 
increased to 61-62%, with an average of 61.7%. This analysis clearly indicates that 
USP significantly increases the contact area (by about 270%) between the ballast and 
the concrete sleeper. These findings are in agreement with a past study by Bolmsvik 
(2005), however the percentage variations are different in the current study that can 
be attributed to the contact area is being dependent on the stiffness and thickness 
properties of USP, ballast gradation and void ratio, as well as the approach of 
analysing the ballast to interface  contact area.  
Table 6.1: Ballast-Concrete Sleeper contact area with and without USP 
SPF Test 
Sample 
Ballast-Concrete Sleeper Contact Area 
Without USP With USP 
Sample 1 13.6% 61.2% 
Sample 2 13.3% 62.3% 
Sample 3 17.7% - 
Sample 4 22.0% - 
Average 16.7% 61.7% 






Figure 6.12: 3-D representation of ballast to concrete sleeper contact area intensity 
without USP  
Based on the one-dimensional numeric grey scale values obtained from the image 
conversion and by including two other SPF size dimensions (pixel dimensions of 
length and width of the SPF), a 3-dimensional representation of contact area intensity 
is presented in Figs. 6.12a-d for sleepers without USP, and Figs. 6.13a & b for 




the concrete sleeper, and how the inclusion of USP could improve the intensity of the 
contact area at the sleeper-ballast interface.         
 
Figure 6.13: 3-D representation of ballast to concrete sleeper contact area intensity 
with USP  
6.2.3 Influence of UBM on Ballast-Concrete Base Contact Area 
The SPF images extracted after testing as presented in Section 4.5 (see Chapter 4), 
showed that UBM significantly increased the contact area between the ballast and 
concrete base. Here, the percentage of contact area at the ballast-concrete base 
interface is calculated with and without UBM placed on top of the hard concrete base 
(Table 6.2). The contact area of ballast based on the two SPF images used at the 
ballast-concrete base without UBM is about 40%, while the contact area with UBM 
increases to 66-70% with an average of 68%. This analysis evidently shows that the 
UBM significantly increases (by about 70%) the ballast to concrete base contact area. 
A 3-dimensional representation of the intensity of the contact area is presented in 




Unlike the ballast-sleeper interface, the ballast-concrete base interface shows slightly 
more contact area intensity. This could be due to smaller ballast aggregates moving 
through the voids of the larger-sized aggregates during cyclic loading and filling at 
the bottom layer thereby increasing the contact area at the lowest interface. Under all 
circumstances, the ballast contact area with the concrete base improved significantly 
when UBM was placed on top of the base.        
Table 6.2: Ballast-Concrete base contact area with and without UBM 
SPF Test 
Sample 
Ballast-Concrete Base Contact Area 
Without UBM With UBM 
Sample 1 40.2% 70.1% 
Sample 2 39.9% 66.2% 
Average 40.1% 68.1% 




Figure 6.14: 3-D representation of ballast to concrete base contact area intensity 












NUMERICAL ANALYSIS AND DISCUSSION 
7.1 General 
The stress-strain behaviour of an integrated layered system consisting of sleepers 
(ties), ballast, subballast and under sleeper pads (USP) has been investigated using 
the finite element method (FEM) for which the commercially available software, 
ABAQUS (2012) was employed. A two-dimensional (2-D) model was generally 
preferred because it was easier to develop and also had a faster computational time 
than a three-dimensional (3-D) model. However, considering the nature of the track 
substructure and loading (intermittent sleepers, and wheel load is only applied at the 
rail seat of the sleeper), a 2-D model cannot always accurately represent the applied 
track loading and the resulting stress-strain response. The FEM model developed in 
this study simulates the ballast behaviour with and without a USP attached to the 
bottom of a concrete sleeper subjected to repeated cyclic loading in a 3-D condition. 
The model represents a plane strain condition by ensuring zero lateral strain in the 
longitudinal direction (direction of train passage) as explained previously in Chapter 
3.  
7.2 Finite Element Analysis           
7.2.1 Method of Analysis  
ABAQUS offers several numerical integration methods such as Implicit direct 




integration is provided in the ABAQUS/Explicit module (ABAQUS 2012). The 
computation cost of a non-linear analysis of ABAQUS/Explicit methods only rises 
linearly with the size of the problem, whereas in ABAQUS/Standard, the cost of 
solution (convergence) is more rapid than linear with the problem size (Sun et al. 
2000). In a dynamic analysis, an implicit integration operator matrix must be 
inverted and a set of nonlinear equilibrium equations must be solved at each time 
increment. However, in an explicit analysis the global mass and stiffness matrices 
need not be formed and inverted, so each increment is relatively inexpensive 
(ABAQUS 2012). In ABAQUS/Explicit, to control high-frequency oscillation, a 
small amount of numerical damping is introduced by default in the form of bulk 
viscosity. Therefore, in this current study, the ABAQUS/Explicit numerical 
technique was used to simulate the repeated cyclic loading behaviour of ballast. A 
high-performance personal computer (3.5 GHz processor with a 64 GB RAM) was 
used to further reduce the time taken for each set of FE analysis.    
7.2.2 Model Geometry and Boundary Conditions 
In this finite element (FE) analysis, the unit cell of a rail track substructure (prototype 
sample) replicated in the prismoidal chamber during the laboratory experiment has 
been modelled. A full-size model of the unit cell and its dimensions are shown in 
Fig. 7.1. To optimise computational time, only one-quarter of the unit cell was 
modelled in FEM analysis by exploiting the symmetry of the unit cell in each 
perpendicular direction in the horizontal plane (Fig. 7.2). Here, the boundary 
conditions are applied by considering the geometric symmetry. The interior vertical 
boundaries on either side of the axes of symmetry are restrained from lateral 




direction. The bottom boundary is fixed for any movement in the vertical direction to 
model a rigid boundary underlying the integrated substructure layers. A plane strain 
condition is applied to the exterior boundary in the longitudinal direction 
(intermediate principal strain, ε2 = 0), and the exterior transverse boundary is allowed 
to move with a confining stress of 15 kPa (minor principal stress, σ3). The top 
boundary of the model is allowed to move in the vertical direction (free boundary) 
under the application of cyclic stress (major principal stress, σ1cyc) at the rail seat 
surface (Fig. 7.2). In this numerical analysis, 25 and 35 t axle loads with a loading 
frequency of 15 Hz have been simulated with and without USP.     
 





Figure 7.2: Finite Element idealisation of a quarter unit cell model showing loads and 
boundary conditions   
7.2.3 Material Properties 
The ballast and subballast were modelled as elasto-plastic material with non-
associative behaviour obeying the Drucker-Prager yield criterion (Drucker and 
Prager 1952). This yield criterion is commonly used to simulate granular materials 
such as ballast because its strength and yield characteristics depend on the level of 
stress and the volumetric strain (Leshchinsky and Ling 2013a; Biabani et al. 2016). 
The Drucker-Prager yield criterion with a rounded yield surface is simple to use as 
opposed to the Mohr-Coulomb yield criterion with a sharp, hexagonal shape yield 




for more details). The material parameters for the Drucker-Prager model are obtained 
from current and previous laboratory triaxial testing carried out on ballast and 
subballast materials obtained from the Bombo quarry, New South Wales (Indraratna 
et al. 2011). The concrete sleeper and the under sleeper pad (USP) are modelled as 
linear elastic material. The material properties used for the FE simulation are 
summarised in Table 7.1.  
 Table 7.1: Material Properties for FE Analysis 
                            Material 
    Property 




Density, γ (kg/m3) 1560 2115 2400 420 
Elastic Modulus, E (MPa) 125 100 36000 6 
Poisson’s Ratio, ν 0.25 0.3 0.2 0.48 
Friction Angle, ϕ (degrees) 45 38 - - 
Angle of Dilation, ψ (degrees) 15 9 - - 
 
7.2.4 Cyclic Loading 
The cyclic loading is applied at the rail seat to simulate 25 and 35 t axle loads with a 
loading frequency of 15 Hz. The mean [ 11 , 1 ,max 1 ,min2 ( )cyc mean cyc cycσ = σ +σ ] and 
amplitude [ 1 1 ,max 1 ,min2 ( )cyc cycA σ σ= − ] of the applied cyclic load are based on cyclic 
stress measured through data-burst techniques at regular intervals during actual 




stress with time is used under the ABAQUS load module to apply cyclic stress on the 
rail seat surface.  Initially, the 1 ,cyc meanσ  is applied at a rate of 1 mm/s and then a 
stress control cyclic load is superimposed using the corresponding amplitude of the 
periodic load and frequency of loading (f). FE analyses were carried out only up to 
10,000 load cycles for each set of simulations by considering the time required for 
solving a 3-D finite element problem under a large number of cyclic loadings 
(Indraratna and Nimbalkar 2013). 
7.2.5 Finite Element Discretization and Element Type  
The finite element model is meshed using a structured pattern consisting of 3-D, 8-
noded linear brick, and reduced integration (C3D8R) hexahedral elements. The 
computation time for a coarser mesh is quite small, but it generally underestimates 
the displacements, whereas a finer mesh is computationally more time-consuming 
and expensive, but provides more realistic results. Thus, a sensitivity analysis to 
compare the vertical deformation obtained from different numbers of elements of the 
same model was carried out by simulating a 25 t axle load at f =10 Hz. The cyclic 
load of up to 1,000 load cycles was applied with USP for different numbers of 
elements in the mesh ranging from 672 to 79,200, as shown in Fig. 7.3. Based on the 
results of this sensitivity analysis, an FE model with 10,200 numbers of C3D8R 
elements (11,760 nodes) was selected for further cyclic loading simulation. The 
selected mesh with different types of substructure layers is shown in Fig. 7.4. The 
vertical size of the USP elements are seeded locally to match the thickness of the 
USP (i.e. 10 mm); all the other elements are >10mm or mostly equal to 20 mm thick 





Figure 7.3: Finite element mesh with different numbers of C3D8R hexahedral 
elements: (a) 672; (b) 2990; (c) 5184; (d) 10200; (e) 23760; and (f) 79200 elements  
 
Figure 7.4: Selected FE mesh for simulation (10,200 Elements and 11,760 Nodes) 




7.3 Results and Discussion  
7.3.1 Vertical Deformation 
The vertical deformation (Sv) of a 35 t axle load simulated at a cyclic loading 
frequency (f) of 15 Hz up to 10,000 load cycles is shown in Fig. 7.5 (without USP) 
and Fig. 7.6 (with USP). These figures represent the deformation contours of: (a) the 
full model view; (b) a longitudinal section (half-section along the middle of the 
sleeper); and (c) a transverse section (half section across the middle of the sleeper) to 
better understand the deformation behaviour of the substructure layers.  
 
Figure 7.5: Vertical deformation without USP predicted from FEM (35 t axle load 





Figure 7.6: Vertical deformation with USP predicted from FEM (35 t axle load and f 
=15Hz): (a) Full Model; (b) Longitudinal section; and (c) Transverse section  
The same Sv stress limits for the contour plots are used for Figs. 7.5 and 7.6 to 
compare deformation under two different substructure conditions (i.e. with and 
without USP). These figures show that maximum Sv occurs in the vicinity of the 
loaded area of the sleeper. The ballast at the corners and longitudinal edges of the 
unit cell show a dilation behaviour, because, the crib ballast is not confined from the 
top and is free to move in a vertical direction (i.e. free boundary at the top). The 
magnitude of Sv is decreasing along the depth of the substructure layers. These 
results also confirm that the USP placed under the concrete sleeper substantially 




To compare the vertical deformation (Sv) of ballast predicted by FE analysis with the 
laboratory data,  the variation of Sv  is plotted against the number of cycles (N) for 25 
and 35 t axle loads at f =15 Hz, as shown in Fig. 7.7a (without USP) and Fig. 7.7b 
(with USP). The magnitude of Sv is increasing as the axle load increases, regardless 
of with or without the USP. The predicted value of Sv compares reasonably well with 
the experimental results, at least at the initial stages of loading cycles (N ≤ 1000). 
Cyclic strain hardening appears in the later stages of the loading cycles (N > 1000) as 
the deformation curve flattens with N after about 1000 cycles. The degradation of 
ballast particles is not considered in this FE simulation, and this could be one reason 
for the difference in deformation between the experimental and numerical results at 
N > 1000 in addition to the simplifications and approximations adopted in the 
numerical procedures (Leshchinsky and Ling 2013a; Biabani 2015; Sun 2015). 
Nevertheless, the magnitude of Sv is markedly reduced by the USP for 25 and 35 t 
axle loads simulated at f =15 Hz as captured well in this FEM simulation. 
 
Figure 7.7: Variation of vertical deformation of ballast with N - Laboratory 




7.3.2 Lateral Deformation 
The lateral deformation (Sh) of a 35 t axle load simulated at f = 15 Hz up to 10,000 
load cycles is shown in Fig. 7.8 (without USP) and Fig. 7.9 (with USP): (a) the full 
model view; and (b) a longitudinal section (half-section along the middle of the 
sleeper). For the purpose of comparing the variation of Sh with and without USP, the 
same stress limits are used in these stress contour plots. These results from the FE 
analysis confirm that the use of USP under a concrete sleeper decreases the lateral 
spreading of the ballast and subballast layers. 
 
Figure 7.8: Lateral deformation contours predicted from FEM for 35 t axle load at 





Figure 7.9: Lateral deformation contours predicted from FEM for 35 t axle load at 
f=15 Hz with USP: (a) Full Model; and (b) Longitudinal section 
As Figs. 7.8 and 7.9 show, the magnitude of Sh increases with depth, and the 
maximum Sh occurs at a depth of 140-160 mm from the base of the sleeper and then 
decreases in the deeper part of the substructure. The maximum lateral displacement 
contours concentrate in the vicinity of one-half to two-thirds depth from the base of 
the sleeper. These results confirm that to reduce lateral spreading, the optimum 
location for any geo-inclusions (geogrids or geocells) within the ballast layer would 
be at a depth between one-half and two-thirds from the base of the sleeper. These 




The average lateral deformation (Sh) of the lateral boundary of the FE model and 
laboratory experiment are compared by plotting the variations of Sh against the 
number of cycles for 25 and 35 t axle loads at f =15 Hz. The results are shown in Fig. 
7.10a (without USP) and Fig. 7.10b (with USP). The predicted Sh by FE analysis 
confirms the laboratory findings that increasing the axle load from 25 to 35 t 
increases the lateral spreading of ballast regardless of with or without the USP.  
 
Figure 7.10: Variation of average lateral deformation of ballast with N - Laboratory 
measurements vs. FE model prediction: (a) without USP; and (b) with USP 
The value of Sh predicted by FEM is comparable to the experimental findings despite 
the fact that in the FE analysis, most of the lateral deformation has occurred at the 
initial stages of the cyclic load (N ≤ 1000), whereas the laboratory results indicate an 
incremental lateral deformation even after N>1000. As previously mentioned, that 
ballast breakage is not considered in the FE simulation could be one of the reasons. 
Nevertheless, the reduction of Sv is evident from the simulation results when a USP 




7.3.3 Distribution of Stress in the Ballast 
The distribution of vertical stress in ballast with and without USP obtained from the 
FE analysis is shown in Fig. 7.11  for a 25 t axle load, and in Fig. 7.12  for a 35 t axle 
load simulated at f = 15 Hz. These contour plots correspond to the magnitude of the 
applied cyclic stress ( 1cycσ ) as it reaches a maximum value ( 1 ,maxcycσ ). Stress in the 
ballast increases when the axle load is increased from 25 to 35 t. In each axle load, 
the stress contours indicate that the sleeper-ballast interface stress concentrates along 
the edges of the sleeper. As expected, the stresses are higher in ballast directly under 
the rail seat where the wheel load is applied. The average stress in the ballast 
decreases with the depth of the ballast layer. 
 
Figure 7.11: Distribution of vertical stress in ballast under a 25 t axle load simulated 





Figure 7.12: Distribution of vertical stress in ballast under a 35 t axle load simulated 
at f =15 Hz: (a) Without USP; and (b) With USP 
The distribution of vertical stress with and without USP in Figs. 7.11 and 7.12 clearly 
show the benefits of using USP with a concrete sleeper. When a USP is used, the 
highly concentrated stresses at the sleeper-ballast interface (from a hard concrete 
sleeper) are distributed over a wider area, which reduces the magnitude of the 
vertical stress at the sleeper-ballast interface and within the ballast mass at particle-
particle contacts. To compare this decreasing stress in ballast with and without USP, 
the stress contours are plotted with the same stress magnitude limits (same upper and 
lower stress limits used for all stress plots). These plots are shown in Fig. 7.13 (for 




section (along the centre of the sleeper); and (c) a transverse section (across the 
centre of the sleeper).  
 
Figure 7.13: Comparison of the distribution of vertical stress in the ballast layer with 
and without USP for a 25 t axle load simulated at f =15 Hz: (a) Full ballast layer; (b) 






Figure 7.14: Comparison of the distribution of vertical stress in the ballast layer with 
and without USP for a 35 t axle load simulated at f =15 Hz: (a) Full ballast layer; (b) 






The stress contours shown in these figures correspond to when the applied cyclic 
stress reaches its maximum cyclic deviatoric stress 1 ,max( )cycσ . They indicate that a 
USP with a concrete sleeper substantially reduces the stresses transmitted to the 
ballast. The vertical stress at the edges of the sleeper decreases along the depth of 
ballast, whereas the stress along the centre line of the ballast layer increases to a 
point where the concentrated stress contours at sleeper edges reaches the centre line 
of the ballast mass and then decrease to greater depths (see transverse sections in 
Figs. 7.13c and 7.14c).  
The maximum vertical stresses measured at the top (sleeper-ballast interface), middle 
(ballast-ballast interface), and bottom (ballast-subballast interface) of the ballast 
layer during laboratory test are compared to the stress distribution from the FE 
analysis, as shown in Fig. 7.15 (without USP) and Fig 7.16 (with USP). The variation 
of stress in the ballast along the centre line and along the edge of the sleeper is 
plotted as depicted by the cross-sectional view of the unit cell (see inserts in 
Figs.7.15 and 7.16). As explained previously, the stress along the edge of the sleeper 
decreases from a maximum value at the sleeper-ballast interface, whilst the stress 
along the centre line peaks just above the middle of the ballast layer (Figs. 7.15 and 
7.16). The average stress is also plotted with depth, and it decreases with the depth of 





Figure 7.15: Distribution of vertical stress in the ballast layer without USP: 
Laboratory measurements vs. FE model prediction 
 
Figure 7.16: Distribution of vertical stress in the ballast layer with USP: Laboratory 
measurements vs. FE model prediction 
The numerically predicted stress at the top (sleeper-ballast interface) and middle 
(ballast-ballast interface) match reasonably well with the laboratory data, but the 




analysis. Ballast breakage during laboratory test significantly influences the stress 
measured at the bottom, because, when the corners and edges of sharp and angular 
ballast particles break into smaller pieces due to cyclic stress, they gradually move 
towards the bottom of the ballast and fill the voids (i.e. vibratory compaction) and 
increase the inter-particle contacts at the bottom layer. This increase in contact area 
reduces the stress at the bottom layer as evident from the experiment results. 
However, since ballast breakage is not considered in the current FE analysis, the 
stress predicted at the bottom of the ballast does not correctly match with the 
experimental findings. Moreover, the type of element (C3D8R) used to build the 
FEM mesh is a continuum element, whereas rail ballast consists of a skeleton of 
aggregates which distributes the stress via a discrete number of inter-particle contacts 
to larger areas towards the deeper regions of the ballast layer. Nevertheless, the 
decrease in stress in the ballast when a USP used with a concrete sleeper is correctly 
captured by the current FE analysis, as matched by the experimental data.  
7.3.4 Distribution of Stress in the Sleeper 
Cyclic stress in rail track substructure changes with time as each wheel passes over 
the rail seat. The variations of stress in the sleeper when the cyclic stress reaches its: 
(a) maximum 1 ,max( )cycσ ; (b) mean 1 ,m( )cyc eanσ ; and (c) minimum 1 ,min( )cycσ  from the 
FE simulation are shown in Fig. 7.17  for a 25 t axle load, and in Fig. 7.18 for a 35 t 
axle load simulated at f = 15 Hz without USP. To better portray the distribution of 
stress in a sleeper, the stress plots from the FE simulation are mirrored to reflect a 
full sleeper, as shown in Figs. 7.17 and 7.18. A longitudinal cross-sectional view of 




and 7.18a. For the purpose of comparison, the same stress limits are used to plot the 
distribution of stress at 1 ,maxcycσ , 1 ,mcyc eanσ  and 1 ,mincycσ . 
 
Figure 7.17: Distribution of vertical stress in the concrete sleeper (without USP) 
when the cyclic stress reaches: (a) 1 ,maxcycσ ; (b) 1 ,mcyc eanσ ; and (c) 1 ,mincycσ for a 25 t axle 





Figure 7.18: Distribution of vertical stress in the concrete sleeper (without USP) 
when the cyclic stress reaches: (a) 1 ,maxcycσ ; (b) 1 ,mcyc eanσ ; and (c) 1 ,mincycσ for a 35 t axle 
load simulated at f =15 Hz 
As expected, stress in the sleeper increases as the cyclic stress changes from 
minimum to maximum and as the axle load changes from 25 to 35 t. Maximum stress 




sleeper. Based on the distribution of stress from the longitudinal section view, stress 
at the edges of the sleeper is slightly higher than stress along its centre line. 
Moreover, the distribution of stress at the bottom surface of the sleeper (i.e. at the 
sleeper-ballast interface) shows that the maximum stress occurs at the corners and 
the edges of the sleeper.  
To compare the effect of USP, the distribution of stress is compared with and without 
USP. Fig. 7.19 (25 t axle load) and Fig. 7.20 (35 t axle load) show the comparison of 
stress: (a) without USP; and (b) with USP simulated at f =15 Hz when the applied 
cyclic stress reaches at 1 ,maxcycσ . These plots indicate that the changes of stress in the 
sleeper with and without USP are minor with axle loads of 25 and 35 t, simulated at f 
=15 Hz.  
 
Figure 7.19: Comparison of the distribution of vertical stress in the concrete sleeper 
when a 25 t axle load is simulated at f =15 Hz and the applied cyclic stress reaches 





Figure 7.20: Comparison of the distribution of vertical stress in the concrete sleeper 
when a 35 t axle load is simulated at f =15 Hz and the applied cyclic stress reaches 
1 ,maxcycσ : (a) Without USP; and (b) With USP  
7.3.5 Distribution of Stress in USP 
The variation of stress in the USP which corresponds to the cyclic stress at 1 ,maxcycσ is 
shown in Figs. 7.21a (25 t axle load) and Fig.7.21b (35 t axle load) simulated at f = 
15 Hz. The stress contours indicate that the USP experiences the highest stress at the 
corners and edges, which is the same as the stress distribution found at the bottom 
surface of the sleeper. Figs. 7.22a & b show the variations of stress in the USP when 
the axle load changes from 25 to 35 t, respectively (the same stress limits are used to 
plot the stress contours for each axle load). The stress contours predicted by FEM 
analysis confirm the uniform increase of vertical stress when the axle load increases 





Figure 7.21: Distribution of vertical stress in the USP for: (a) 25 t; and (b) 35 t axle 
loads simulated at f =15 Hz 
 
Figure 7.22: Comparison of the distribution of vertical stress in the USP for: (a) 25 t; 




7.3.6 Distribution of Stress in the Subballast 
The distribution of vertical stress within the subballast is shown in Figs. 7.23a & b 
(25 t axle load) and Figs. 7.24a & b (35 t axle load), with and without USP, at a 
loading frequency of 15 Hz. The stress contour plots reveal that the subballast 
experiences higher concentrations of stress at the bottom of transverse edge of the 
layer. The boundary condition used (fixed bottom) could be influenced by the 
increase in stress concentrations at these edges. Nevertheless, stress in the subballast 
is reduced by the USP and it is evident from laboratory testing of vertical stress 
measured at the ballast-subballast interface (see Figs. 7.15 and 7.16).  Vertical stress 
also increases when the axle load increases from 25 to 35 t, as shown in Figs. 7.23 
and 7.24.     
 
Figure 7.23: Distribution of vertical stress in the subballast for a 25 t axle load 





Figure 7.24: Distribution of vertical stress in the subballast for a 35 t axle load 
simulated at f =15 Hz: (a) Without USP; and (b) With USP 
7.4 Chapter Summary 
This chapter presented the results of a finite element (FE) model of a rail track unit 
cell substructure simulated under repeated cyclic loading. A set of numerical 
analyses was carried out to simulate 25 and 35 t axle loads at a loading frequency of 
15 Hz. The ability of USP to reduce the vertical and lateral displacement and vertical 
stress of ballast and other substructure components (sleeper and subballast) has also 
been analysed by this numerical simulation. The vertical and lateral deformation of 
ballast and vertical stress at the sleeper-ballast and ballast-subballast interfaces, as 
well as the ballast inter-particle stress which decreased significantly with USP, has 
been predicted well by this FE simulation. Furthermore, the numerical results 




sleeper, and the vertical stress of the sleeper was not significantly affected by the 
USP. The FE results also showed that stress and strain in the substructure layers 





CONCLUSIONS AND RECOMMENDATIONS 
8.1 General 
Conventional ballasted rail track structures have served the railroad transport system 
reasonably well over the past 150 years and also expected to serve the need for faster 
industrial revolution and rapid population growth in future years. The growing 
demands for fast and heavy haul rail poses a serious threat to ballasted tracks in 
terms of stability and longevity. Faster deterioration of ballast and other substructure 
components contributes a larger percentage of tracks maintenance cost. However, 
these costs could be reduced significantly and the longevity of track could be 
increased if appropriate track stabilisation techniques such as artificial inclusions are 
used to reinforce the track substructure.    
This study focused on improving the performance of ballasted track using rubber 
mats placed at hard interfaces such as the bottom of a concrete sleeper at the sleeper-
ballast interface and on top of a concrete base at the ballast-base interface under 
cyclic loading condition. To achieve this, various factors influencing the substructure 
behaviour and improved performance of ballast by using rubber mats has been 
investigated via a series of large-scale laboratory tests using a novel Process 
Simulation Prismoidal Triaxial Apparatus (PSPTA) designed and built to mimic a 
unit cell of a prototype rail track substructure. The following sections highlight the 
main conclusions drawn from the current research with regards to the response of 




current experimental investigation and numerical simulation. Recommendations for 
future research related to this study are also provided at the end of this chapter.  
8.2 Under Sleeper Pads (USPs) on ballast behaviour under cyclic loading 
Ballasted tracks are subjected to faster deterioration in sections where a reduced 
ballast thickness is used, and in locations where heavier concrete sleepers are used in 
conjunction with increased train speeds and axle loads. Under Sleeper Pads (USPs) 
placed at the bottom of a concrete sleeper is a promising solution to restore the 
resiliency of a track at these locations. In order to investigate the influence of USPs 
on controlling stress-strain and degradation of ballasted track under cyclic loading, a 
series of large-scale laboratory tests were carried out using PSPTA, as discussed in 
Chapters 3 and 4. A prototype track substructure consisting of rail, sleeper, ballast 
and subballast layers were integrated inside the cubical chamber of the PSPTA and 
the performance of ballast was investigated with and without USP placed under the 
concrete sleeper. Two axle loads of 25 and 35 t with loading frequencies (f) of 15 and 
20 Hz were tested under a large number of cyclic loading (N=500,000). The salient 
findings of these tests and the factors that influence the performance of ballast are 
summarised below: 
1. A concrete sleeper transmits stress to ballast through a finite number of small 
discrete contacts at the sleeper-ballast interface. It is evident from the 
imprints of ballast on the USP, that when a USP is inserted at the sleeper-
ballast interface, the ballast particles bed uniformly with the concrete sleeper 




2. The Surface Profiler Film (SPF) used to investigate the sleeper to ballast 
contact area confirms that the USP increases the sleeper-ballast contact area 
quite significantly, and markedly reduces the stress in the ballast, especially 
in the top zone near the sleeper. The SPF results indicate that the contact area 
of ballast with USP is about 62%, which is otherwise only about 17%.  
3. Based on the vertical and lateral deformation (and shear and volumetric 
strain) of ballast under cyclic loading, the results indicate that ballast 
aggregates undergo considerable particle rearrangements and densification 
during the initial cycles (N < 10,000). Once the ballast begins to stabilise, the 
rate of deformation decreases at the 10,000 < N < 100,000 and remains 
relatively constant after N > 100,000. After reaching a threshold compression 
at N ≅ 100,000, any subsequent load cycles would not result in further 
deformation.  
4. The increased contact area of the ballast due to USP at the sleeper-ballast 
interface reduces the stresses induced at the interface and at the particle-
particle contacts which in turn decreases the overall deformation. Vertical 
deformation decreased in the range of 19-29% for 25 t axle load, and about 
21% for 35 t axle loads. The lateral deformation of the ballast decreased in 
the range of 9-14% and 9-11% for 25 and 35 t axle loads, respectively, when 
USP was used with the concrete sleeper.  
5. Axle loads and train speed (loading frequency) have a significant influence 
on ballast deformation. The results at N=500,000 indicate when the axle load 
increases from 25 to 35 t, vertical and lateral deformation increases in the 




from 110 to 145 km/h (f =15 to 20 Hz), vertical and lateral deformation 
increases in the order of 51-57% and 27-33%, respectively. 
6. The train speed (cyclic loading frequency) has more influence on vertical 
strain than the lateral strain, whereas the axle load has more influence on the 
lateral strain. 
7. The volumetric strain ( volε ) decreased by 19-26% for a 25 t axle load, and 
19-20% for a 35 t axle load, and the shear strain ( sε ) decreased by 20-30% 
for a 25 t axle load, and 21-22% for a 35 t axle load, when USP was used 
under a concrete sleeper. 
8. Train speed has more influence on volε  and sε  than the axle loads. volε  and 
sε  increased by 49-53% and 53-60%, respectively, when the train speed 
increased from 110 to 145 km/h (f =15 to 20 Hz). The percentage increase for 
volε  and sε when axle load increased from 25 to 35 t is about 40-44% and 36-
42%, respectively. 
9. Regardless of the axle loads, frequencies, and USP condition, ballast 
breakage was greater at the top layer due to a higher interface and inter-
particle contact stress at the top, followed by the middle, and then the bottom 
layer of ballast. 
10. Ballast degradation had reduced significantly when USP was used at the hard 
concrete sleeper to ballast interface. On average, when all three layers are 
considered, USP reduced BBI by more than 50%. Considering each ballast 
layer separately, the reduction of BBI for the 25 and 35 t axle load tested at f 
= 15 and 20 Hz is in the order of 53-63% at the top layer, 51-59% at the 




11. The average BBI increased in the order of 26-28% when f increased from 15 
to 20 Hz, whereas the percentage increase of BBI when the axle load 
increased from 25 to 35 t is 34-37%. Unlike volε  and sε , the axle load has 
more influence on the ballast breakage than the loading frequency (i.e., train 
speed) because a heavier load contributes more to ballast grinding, corner 
breakage, and particle splitting. 
12. Dynamically induced stresses in the ballast increased with the axle load and 
train speed (loading frequency), but a USP placed under the concrete sleeper 
reduced the induced stress due to the softer interface and increased contact 
between the ballast and the concrete sleeper.   
13. This reduction in stress is higher in the top zone of the ballast near the 
sleeper-USP-ballast interface (10-12%), followed by the middle of the ballast 
layer (8.5-10%), and bottom zone near the ballast-subballast interface (8-
9.5%).  
8.3 Under Ballast Mats (UBMs) on ballast behaviour under cyclic loading 
Whilst USPs are better at increasing the elasticity of track and increasing the ballast 
contact at the sleeper-ballast interface, under ballast mats (UBMs) are better at 
reducing the fast deterioration of ballast in contact with rigid substructures such as 
bridges, tunnels, switches, cuts and elevated stations. To study the performance of 
ballast stabilised with UBMs (made from recycled waste tyres) on top of a hard 
concrete foundation, a series of large-scale laboratory tests were carried out using 
PSPTA, as discussed in Chapters 3 and 5. To understand the influence of axle loads 




high frequency (10 ≤ f ≤ 25) loading under a large number of cycles (N=500,000). 
The vital parameters that govern the deformation and degradation of ballast are 
summarised below: 
1. That UBM increases the contact area of ballast with the concrete base is 
confirmed by the SPF used at the ballast-concrete base interface. The SPF 
results indicated that the contact area of ballast to the concrete base increased 
to 68% with UBM, which is otherwise relatively low at about 40%.  
2. The same type of variation for the vertical and lateral deformation (and shear 
and volumetric strain) of ballast with N at the initial (rapid deformation at N < 
10,000), intermediate (decreased rate of deformation at 10,000 < N < 
100,000), and final (relatively constant deformation at N > 100,000) cycles, 
were observed for ballast with and without UBM, as observed for USP 
testing. 
3. UBM on top of a concrete base decreased the vertical deformation by 10-20% 
and lateral deformation by 5-10% for axle loads of 25 and 35 t tested at 10 ≤ f 
≤ 25 (approximate train speed, 73 ≤ V ≤ 182 km/h). 
4. The axle load and train speed have a significant influence on ballast 
deformation; vertical deformation increased about 45%, and lateral 
deformation increased about 48-62%, when the axle load increased from 25 
to 35 t. When the train speed increased from 73 to 145 km/h, the vertical and 
lateral deformation increased in the order of 32-56% and 27-54%, 
respectively. 
5. The magnitude of volε  decreased by 8-20% for a 25 t axle load, and by 9-15% 




axle load, and by 8-16% for a 35 t axle load, when UBM is used at the 
ballast-concrete base interface. 
6. Ballast breakage (BBI) was highest at the top layer, while it decreased in the 
middle layer, and decreased further at the bottom layer. When UBM is used, 
the BBI decreased more at the bottom layer (50-60%) than the middle (30-
50%) and top (20-25%) layers. This reduction of ballast breakage helps 
reduce the need to quarry raw material for track use. 
7. The hard interface beneath the ballast layer has a significant influence on 
overall ballast breakage when the axle load and frequency (train speed) are 
increased. Trains with higher axle loads (e.g. a freight train) damage the 
ballast more than the trains with smaller axle loads (e.g. a passenger train) 
even at a lower speed.  
8. UBM increases the damping (D) property of ballasted substructure and this 
increases the dissipation of strain energy (Ed) which contributes to reduced 
ballast breakage. The results also indicated that the input energy to the track 
structure increases when the axle load and loading frequency are higher (i.e. 
when fast and heavy haul trains are operating), and the resultant Ed also 
increases in proportion to the increased input energy. 
9. The resilient modulus (MR) of ballast increased with N at least up to N ≅ 
200,000 load cycles partly due to cyclic densification, and then it slowly 
stabilised after N > 200,000. When UBM is placed on top of a concrete base, 
it enhances the value of MR of ballast because part of the elastic strain is now 
taken by the UBM. Overall, MR improved in the order of 10 to 15% by using 




10. The predictive model used to capture the MR of ballast by considering the 
effect of stress dependency (bulk stress, θ and octahedral shear stress, τoct) 
given by 321 ( ) [( ) 1]
kk
R atm atm oct atmM k p p pθ τ= +  agrees with the experimental 
data (k1, k2 and k3 are empirical model parameters). 
11. The dynamically induced stresses in the ballast decreased with the depth of 
the ballast layer, and increased as the axle load and train speed (loading 
frequency) increased. When UBM is placed on top of a concrete base the 
induced stress decreased by about 10-20% at the ballast-concrete base 
interface, about 6.5-10% at the middle of the ballast layer, and about 1.2-
1.4% at the sleeper-ballast interface. Unlike ballast stabilised with USP, the 
reduction of stress is higher at the ballast-concrete base interface and it is 
insignificant at the sleeper-ballast interface when UBM is used to stabilise the 
ballast.  
12. The dynamic amplification factor, , ,v cyc v staDAF σ σ′ ′= can be used to calculate 
the amplification of stresses under cyclic loading ( ,v cycσ ′ ) in relation to static 
load ( ,v staσ ′ ). The variation of DAF with train speed (V) for the 25 and 35 t the 
axle loads tested is confined within a narrow band, and a  non-linear best-fit 
equation for the data in this study could be presented by VDAF eβα= (α and
β are empirical parameters). When a train runs at a faster speed the dynamic 
stress generated at the sleeper-ballast interface is much higher than the static 
loading. 
13. The BBI is influenced by the change of load and frequency (change in 
deviator stress, qd) and MR of ballast, so an empirical relationship for BBI 




empirical parameters related to the damping property (D) of the ballast given 
by 21
km k D=  and 3n k D=  (k1, k2 and k3 are regression model parameters). 
The BBI predicted from this empirical model is limited to N=500,000, which 
is assumed to be large enough to attain a stable value of MR. 
14. An empirical expression to quantify the total energy dissipation (ED) per unit 
volume of ballast by adding the corresponding dissipation terms attributed to 
plastic sliding (ES) and particle breakage (EB) could be presented by 
= +D S BE E E . The terms ES given by ( )ε=S d sE a q and EB can be related to 
( )κ= × cBE b BBI where a, b,  and c are empirical model parameters, and κ is 
the axle load factor normalised to the minimum axle load (Lm). This energy 
dissipation model is corroborated to N=500,000 which is about 1 year of 
service for a standard heavy haul in the State of New South Wales (NSW), 
with an annual traffic tonnage of 50 MGT. 
15. The UBMs used in this study were manufactured locally from recycled 
shredded tyre waste. In terms of national benefits, manufacturing these mats 
from recycled rubber tyres would reduce their volume at spoil tips and lead to 
better land use, especially in expensive urban areas. Moreover, the savings 
generated by a reduced need to quarry fresh aggregates would also be a direct 
environmental benefit by curtailing excessive degradation of landscapes. 
8.4 Influence of substructure stiffness on ballast behaviour 
The differences in subgrade stiffness beneath the ballast layer and variation of 
stiffness along the track change the contact forces and layer deformations which lead 




failure also increases. To study the variation of track stiffness, cyclic loading tests 
were carried on two different types of tracks where subballast and a concrete base are 
placed under the ballast layer. The experimental findings indicated that the stiffness 
of the substructure foundation significantly affects the stress-strain and degradation 
of the ballast as summarised below: 
1. The plastic deformation of ballast increases when the subsurface stiffness is 
reduced by a subballast layer rather than a concrete base. Vertical plastic 
deformation increased in the order of 12-14% for a 25 t axle load, and 7-11% 
for a 35 t axle load, while the lateral plastic deformation increased by about 
11% for a 25 t axle load, and about 10% for a 35 t axle load, when the type of 
base is changed from concrete to subballast. 
2. The magnitude of εvol increased by about 12-13% for a 25 t axle load, and 8-
11% for a 35 t axle load, while εs increased by about 12-14% for a 25 t axle 
load, and 7-11% for a 35 t axle load, when the type of base is changed from 
concrete to subballast.   
3. Unlike plastic deformation, ballast degradation increases as the stiffness of 
the substructure changes from subballast to a concrete base; this is partly 
because the dynamic stresses in the ballast layer of a stiffer track are more 
intensive and also the tendency towards dissipating the strain energy is much 
less due to lower track elasticity and damping characteristics.  
4. Unlike the subballast, the average BBI of a concrete base increased by 41% 
and 34% when the train speed is 110 km/h and 145 km/h (loading frequency 




resultant BBI of the concrete base increased by 30% and 45% compared to 
the subballast layer.   
5. The ballast particles and interface stresses increased significantly as the 
stiffness of the base increased from subballast to concrete. The effect of 
dynamic amplification of stress is more pronounced not only with the axle 
load and train speed but also with the change of substructure stiffness.    
8.5 Numerical simulation of ballast under cyclic loading 
A comprehensive 3-D finite element (FE) model was developed to simulate the unit 
cell of a rail track substructure (prototype sample) to study the behaviour of ballast 
under cyclic loading, and the influence of a USP on the stress-strain response of 
ballast and other substructure elements. A set of numerical analyses was carried out 
to simulate 25 and 35 t axle loads at a loading frequency of 15 Hz with up to N = 
10,000. The major findings from the FE analysis are summarised below: 
1. Although the particle breakage behaviour of ballast was not incorporated in 
the FE analysis, the predicted vertical and lateral deformation and vertical 
stress distribution in the ballast layer generally agreed with the experimental 
findings, especially the vertical and lateral deformation at N < 1000 and the 
generated stresses at the top and middle of the ballast layer.  
2. The FE results indicated that the USP significantly reduced the vertical and 
lateral strain and vertical stress of the ballast.  
3. The numerical results also indicated a higher concentration of stress at the 
edges and corners of the concrete sleeper, and the vertical stress distribution 




8.6 Recommendations for further study  
The benefits of using rubber elements (USPs and UBMs) in rail track to stabilise the 
hard interfaces when the ballast is in direct contact with a concrete sleeper at the top 
and a concrete base at the bottom of the ballast layer, has been investigated in this 
current study. Several of the limitations and assumptions made in this investigation 
need more in-depth study in the future investigations. The following are some of the 
recommendations made for future investigations related to this area of research. 
1. Only one type of ballast (latite basalt from the Bombo quarry, NSW) with 
one gradation was used in this investigation. However, the densification of 
granular materials under high-frequency cyclic loading depends on the 
properties of ballast such as particle sizes, the type of gradation and other 
index properties of ballast which differ from one material source to another. 
This should be considered in future investigations to enhance the benefits of 
elastic elements in ballasted tracks.   
2. The degree of saturation influences the stress-strain and degradation of 
ballast. Therefore it is important to carry out further laboratory tests and 
investigate how the moisture content would affect the performance of ballast 
under cyclic loading.  
3. In this study, the confining pressure was held constant at 15 kPa in both sides 
in the transverse direction (parallel to sleeper) of the unit cell. However, in 
the field, the confining pressure varies along the depth and is also different at 
the shoulder side and at the line of symmetry of the rail track. It also changes 




4. The cyclic loading was limited to N = 500,000 cycles and was applied 
continuously to the laboratory samples. To better simulate the actual field 
condition, cyclic loading with rest periods should be considered for very large 
numbers of cycles (N ≥ 1 million cycles).  
5. The laboratory investigation was limited to one type of USP and UBM. These 
rubber elements with varying thickness and stiffness properties and also these 
mats made from different types of recycled materials such as waste tyres and 
plastics are recommended for more enhanced and environmental friendly 
stabilisation techniques. 
6. A field investigation of the track stabilised with USPs and UBMs is 
recommended to capture the performance of ballast under realistic track 
conditions. 
7. Particle breakage was not considered in the numerical simulation. A 
constitutive model incorporating particle breakage with a user subroutine for 
the ABAQUS finite element program is recommended to capture the stress-
strain behaviour of ballast more accurately under a large number of cyclic 
loadings. 
8. Polymeric materials deteriorate when exposed to the environment (thermal, 
oxidation, photolytic, and hydrolysis). Literatures confirm they have a handy 
service life of approximately 20 years. However, it is recommended to test 
these USP and especially the recycled shredded tyre waste UBM materials for 
their service life under local environmental conditions.      
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APPENDIX B: Drucker-Prager Yield Criterion 
The Drucker-Prager (D-P) elastic-perfectly plastic material law was used to simulate 
the plasticity behaviour of ballast and subballast in the numerical analysis. D-P yield 
criterion is a pressure dependent model used to estimate the plastic yielding of soil 
and rock; it is simple to use and depends on the similar material properties used for 
the Mohr-Coulomb (M-C) yield criterion. The D-P failure criterion is a 
generalisation of the M-C criterion for soils (Drucker and Prager 1952), and is 
expressed as: 
2 1df J Iα κ= − −  
where α and κ are the material constants which depend on the friction angle (ϕ) and 
cohesion (c) of the material. J2d is the second invariant of the stress deviatoric tensor 
and I1 is the first invariant of the stress tensor; J2d and I1 are defined as follows: 
2 2 2
2 1 2 2 3 3 1
1 ( ) ( ) ( )
6d
J σ σ σ σ σ σ′ ′ ′ ′ ′ ′ = − + − + −   
1 1 2 3I σ σ σ′ ′ ′= + +  
where 1 2, ,σ σ′ ′ and 3σ ′ are the effective principal stresses. 
The D-P criterion is based on the assumption that the octahedral shear stress ( octτ ) at 
failure depends on the octahedral normal stress ( octσ ′ ) by a linear function with the 
material constants α and κ is expressed as: 
2 (3 )
3oct oct
τ ασ κ′= +  
where 2 23oct dJτ =  and  
1




The D-P yield surface is circumscribed to the M-C irregular hexagonal yield surface 
around the hydrostatic axis, as shown in Fig. B.1; it is a smooth version of the M-C 
yield surface.  
 
Figure B.1: Drucker-Prager and Mohr-Coulomb failure criterion 
The parameters α and κ can be determined by plotting the triaxial test results in the I1 
and 2dJ space. It can also be determined from a standard triaxial (compression) test 
and can be calculated from values of ϕ and c as follows: 
2sin 6 cos;






For plane strain condition, α and κ can be expressed as: 
2 2
tan 3;
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